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INTRODUCTION 
Solid-gas reactions are an integral part of many chemical processes 
including metal refining, solid fuel combustion, and environmental 
control. Some typical solid-gas reactions are 
These complex reactions occur in basically the same way with the 
overall reaction in each case consisting of a series of steps involving 
gas-phase mass transfer to the external solid surface, pore diffusion 
within the solid, and finally adsorption/desorption and chemical reac­
tion. While these steps are similar to those of heterogeneous catalytic 
reactions, the analysis of noncatalytic solid-gas reactions is compli­
cated by the continuous change in the solid structure which often occurs 
during reaction. 
Until the last decade, models of solid-gas reactions generally 
treated the solid reactant as a dense continuum, devoid of any structure. 
More recently though, it has been recognized that in many situations 
the solid must be treated as a porous system and that such solid struc­
tural parameters as porosity, specific surface area, and pore size 
distribution will significantly affect the rate of reaction. However, 
despite substantial progress in the development of models for the 
reaction of porous solids, they inadequately predict the overall rate 
1 .  
2. 4FeSg + llOg 2Fe^0^ + SSO^ 
3. CaO + SOg + Y Og -> CaSO^. 
2 
of solid-gas reactions from measurements of solid properties, effective 
diffusivities, and kinetic constants. Models capable of doing this are 
attractive in the design of fixed and fluidized bed reactors. 
Several solid-gas reaction models developed over the last decade 
such as the "grain model" (3, 8, 23) and the "pore model" (5, 16) have 
yielded moderate success with certain reaction systems. The grain model 
depicts the porous pellet as an agglomeration of impervious grains that 
react according to the well-known "shrinking unreacted-core model" (14, 
33). On the other hand, the pore model simulates the solid as containing 
cylindrical pores. Physically, the grain model seems to be a more 
realistic representation of the solid structure in systems where pellets 
are formed by pressing powder. 
The grain and pore models have only been applied to relatively 
simple reaction systems where the reaction is assumed irreversible and 
first-order kinetically and the effect of a net generation or consumption 
of gas is neglected. The influence of structural changes resulting from 
sintering (17) and pore closure (8), in systems where the volume of 
solid product is greater than solid reactant, has been investigated. 
However, those investigations were restricted to systems where the 
simplifying assumptions above were applicable. Further work in this 
area is essential, especially using more complex reaction systems. 
The chlorination of lime is one such reaction system 
CaO(s) + Clg(g) -» CaCl2(s) + j  0 ^ ( g )  
that exhibits a net consumption of gas (nonequimolar counter diffusion) 
and such microstructure changes as product layer expansion into the void 
3 
regions of the pellet and product layer sintering (depending on the 
reaction temperature). 
This research effort, therefore, has been focused on the develop­
ment and analysis of improved solid-gas reaction models (grain model 
type) that adequately explain the trends exhibited by the data from the 
chlorination of lime. A thorough kinetic investigation of this reaction 
system was carried out using a thermogravimetric analysis technique, in 
addition to scanning electron microscopy, electron microprobe, mercury 
penetration porosimetry and X-ray powder diffraction analyses. More 
specifically, the intrinsic activation energy of the reaction and the 
kinetic order of the reaction with respect to chlorine have been 
determined. 
Explanation of Thesis/Dissertation Format 
The alternate thesis/dissertation format used here is designed to 
incorporate research papers that have been submitted for publication in 
refereed journals. Consequently, this dissertation presents a general 
review of the significant current literature followed by four co-authored 
research papers that have been submitted for publication in various journals. 
These papers were primarily written by the first listed author; however, 
all results are based solely on the author's work. They, therefore, 
represent the contribution to the field of solid-gas reaction kinetics 
from this research effort. 
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REVIEW OF MODELING OF NONCATALYTIC GAS-SOLID REACTIONS 
Reactions between gases and solids proceed by numerous complex 
interdependent mechanisms. A mathematical model that attempts to 
describe the process must include these. However, the diversity of 
the solid's microstructure, to say nothing of the dependence of gas-
solid reactions on various transport phenomena make modeling difficult. 
Gas-solid reactions are conceptualized as proceeding via the fol­
lowing steps (21): 
1. Gas phase mass transfer of the reactant through a concentra­
tion gradient at the external surface of the pellet. 
2. Diffusion of the gaseous reactant through a porous solid 
particle that may consist of both unreacted and reacted solid with 
solid density and porosity changes occurring as the reaction pro­
ceeds . 
3. Adsorption, chemical reaction, and desorption over a diffuse 
region within the solid or, conceptually, at a distinct interface. 
4. Heat transfer by conduction within the particle and by con­
vection in the gas phase. Large heats of reaction may also change the 
solid structure and affect gas diffusion. 
5. Diffusion of a gaseous product out of the solid particle. 
6. Gas phase mass transfer of the product gas away from the 
particle. 
The relative importance and contribution that each step makes to the 
overall reaction rate varies among systems. Consequently, mathematical 
model development varies depending on the significance of each of the 
5 
gas-solid reaction steps. Several models have been proposed for 
reactions following the general steps above. Two of these models, 
the "shrinking unreacted-core" and the "grain" model, will be dis­
cussed here and utilized extensively to analyze experimental data. 
Shrinking Unreacted-Core Model 
In the shrinking unreacted-core model, the reaction is visualized 
as occurring along a sharply defined interface between the reacted and 
unreacted solid. As the reaction proceeds, the reaction interface 
recedes into the nonporous solid, leaving behind a porous solid product 
or "ash" layer. The system is depicted in Figure 1. 
One of the earliest treatments of this model was carried out by 
Yagi and Kunii (33) followed by the popular development of Levenspiel 
(14). The analysis presented here will consist of the isothermal and 
nonisothermal cases. 
The general gas-solid reaction represented by this model corresponds 
to 
A(g) + b • B(s) ^  c . C(g) + d • D(s) (1) 
where b, c, and d are stoichiometric coefficients and g and s stand 
for gas and solid, respectively. 
Isothermal case 
In general, the continuity equation for a gaseous component "i" in 
the ash product layer is given by 
6 
SHRINKING UNREACTED-CORE MODEL 
GAS FILM 
PRODUCT LAYER 
UNREACTED-CORE 
Figure 1. Depiction of the shrinking unreacted-core model 
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ÔC 
where 
= Molar concentration of the ith component, 
t = Time., 
= Molar flux of the ith component, 
R. = Molar rate of production per unit volume of the ith 
component by chemical reaction, 
V = Del operator. 
An assumption routinely applied to gas-solid reactions is that the 
ôCi 
system resembles a pseudo steady-state = 0). The reliability of 
this assumption has been critically evaluated by several investigators 
(2, 14, 19, 27, 28). No significant error occurs for a solid to reactant 
gas molar density ratio greater than 1000. This ratio is generally 
greater than 25,000 in most gas-solid systems except those operating at 
extremely high pressures. Physically, in the shrinking unreacted-core 
model the assumption can be rationalized by the fact that the rate of 
reaction interface movement is much slower than the rate of gaseous dif­
fusion to the interface. Thus, the accumulation term is negligible 
compared with the reaction term. 
The development of the shrinking unreacted-core by Levenspiel (14) assumes 
an irreversible reaction, a sharp reaction interface, equimolar counter diffu­
sion, and a first-order rate expression with respect to the gaseous 
reactant. These assumptions reduce the continuity equation to 
d 2 
^ g O ^ ^ > ^ c '  ^  '  d T )  =  °  ( 3 )  
8 
with boundary conditions at the reaction surface, r , 
c 
c 
and at the external surface, r^^, 
• «=Ab - <=AS>-
Solution of these equations for the concentration profile of 
species A in the product layer gives 
t " FTV] • - r) 
|1 - rf-
^c"* •^c •" "MA '"gO"' '•gO 
and the concentration at the reaction surface (interface) by 
^Ab r _ "s 1 . i _ r ^  s—1. 
L k • r J r_ L ' r„J r„^ 
(6) 
^Ac 1 
^Ab k • r^ k • r r 
1 + V + ^  -f-) 
(7) 
Since r^ changes with time as the reaction proceeds, the rate may 
be expressed as 
\c = - ^ = ^^Ac 
with the initial condition 
''cic. 0 ' "^ gO 
where 
Dg = Product layer diffusion coefficient, 
r = Unreacted-core radius, 
c 
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r „ = Grain radius, 
gO 
= Gas phase mass transfer coefficient, 
k = Reaction rate constant, 
C. = Gaseous reactant concentration at reaction interface, 
Ac 
= Bulk gaseous reactant concentration, 
= Gaseous reactant concentration at grain surface. 
Substituting Equation 7 for in Equation 8, then integrating 
yields 
J 1 S°_ . n 4- 9 n _ n _ 
+ f (I - (1 - (10) 
- 1 
where the fractional conversion is given by 
R. 3 
X = 1 - (^) . 
gO 
At complete conversion when t = t , r^ = 0 and X = 1, Equation 10 re­
duces to 
Equations 10 and 11 are very useful because they illustrate the 
relationship among the three resistances: mass transfer, product layer 
diffusion, and chemical reaction at the reaction interface. Depending 
on their relative magnitudes, one particular resistance may be the 
"rate controlling." In fact, the controlling resistance may vary 
throughout the course of the reaction. An extensive discussion of the 
phenomenon is available in an article by C. Y. Wen (30). 
10 
No ni so thenaa 1 case 
In many systems sufficiently high reaction rates and heats of reac­
tion may result in substantial temperature gradients within the pellet 
(15, 20). This may affect the rate of solid conversion since the ef­
fective diffusivity, gas density, and rate constant are all functions 
of temperature. Therefore, an allowance must be made for this effect 
in the mass and energy balances. 
A thorough analysis of the thermal and diffusional effects in gas-
solid reactions was made by Wen and Wang (31); consequently, only a 
brief summary of their work will be discussed here. 
If the ideal gas law holds, = P/RQT, then at constant pressure 
P, <= 1/T. The effective diffusivity, D^, may be considered propor­
tional to T^*^ in the molecular regime and in the Knudsen 
regime. Therefore, Wen assumes the product becomes temperature 
independent, T^ (11, 30). 
The continuity equation can be written as 
2 
with boundary conditions at 
r = r 
gO' ' °s^T^ ' W ^r^Q ~ • ^"^Ab'^As^ 
(13) 
dC 
r = (C^ . D^) . = k^(T^) - (14) 
b c 
where k(T^) is assumed to be of the Arrhenius type 
11 
k(T^) = kg exp(- (15) 
In general, the energy balance in the ash layer is given by 
> 'c- »B • % • i '"e • 
ôr 
with boundary conditions at 
- "e'i'r - "c • - V  +"R • (< -
r dT 
c c r = r 
c 
(17) 
/ÔT, 
f - "D ' S ' df = k(T^) • C^,(- 4H^) + 
(18) 
and the initial condition att = 0, T = T =T, . 
c D 
where 
= Reaction activation energy, 
RQ = Universal gas constant, 
= Molar solid density of the ash layer, 
kg = Reaction rata frequency factor, 
T = Radial grain temperature, 
= Reaction interface temperature, 
Tg = Grain surface temperature, 
= Bulk gas temperature, 
= Molar heat capacity of the ash layer, 
k = Thermal conductivitv of the ash layer, 
e ' ^ 
h^ = Convective heat transfer coefficient, 
h^ = Radiative heat transfer coefficient. 
= Heat of reaction. 
12 
In Equation 18 it is assumed that the temperature of the unreacted-
core is uniform at T^, the reaction interface temperature, luss and 
Amundsen (15) have analyzed the validity of this assumption and dis­
covered that, in general, the unreacted-core indeed has a uniform tempera­
ture distribution except in the initial stage of the reaction. 
When the solid heat capacity is sufficiently small, the pseudo 
steady-state assumption of the product layer temperature distribution is 
valid. Hence, the energy balance reduces to 
with boundary conditions at 
- "e • - V »0) 
c 
where the radiative and convective heat transfer coefficients have been 
combined into the term h^ in Equation 20. 
Solving the mass and energy balance equations and combining them to 
eliminate y^^ yields 
•'c - '^Ab • (-
(22) 
The left-hand side of Equation 22 is equal to the rate of heat loss, 
while the right-hand side equals the rate of heat generation and seems 
to be conveniently divided into the respective mass transfer, diffusion, 
and chemical reaction resistances as Equation 11. 
13 
The analysis presented by Wen and Wang (31) utilizes the 
concept of an effectiveness factor to investigate thermal instability 
due to metastable temperature states and sudden transition of the rate-
controlling steps during the reaction. In addition, the effects of 
surrounding gas temperature, heat transfer around and within the pellet, 
heat of reaction and activation energy, and rate-controlling mechanisms 
are critically discussed. 
Grain Model 
The grain model attempts to describe systems where the reaction zone 
may extend throughout a porous solid pellet instead of at a sharply 
defined interface. The pellet is modeled as a random grouping of grains 
that react according to the shrinking unreacted-core model (see 
Figure 2). 
The reactant gas is transferred from the bulk gas stream to the 
pellet surface, then the gas diffuses between the grains and through 
the solid product layer around each grain, and finally reacts at the 
reaction surface. It is assumed that the pellet retains its initial 
size and shape during the course of the reaction, while the size of the 
grains may change depending on the molar volumes of the solid product 
and reactant. 
The model is capable of handling a grain size distribution, however, 
an accurate size distribution is difficult to obtain. In addition, it 
greatly increases the complexity of the numerical solution of the 
equations. For the initial purpose of model development, a spherical 
GRAIN MODEL 
Figure 2. Depiction of the grain model 
UNREACTED CORE 
PRODUCT LAYER 
GAS FILM 
INTERGRAIN DIFFUSKDN FWH 
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grain of average radius r^^ and spherical pellet of radius will be 
used until a discussion of grain size distributions is presented. 
Simplified grain model 
The initial formulation of the grain model is usually attributed 
to the work of Szekely and Sohn (26); however, Calvelo and Smith (3) 
published a similar model and critically discussed the effects of 
various model parameters. The only notable difference between the two 
developments is Szekely's use of a generalized shape factor that allows 
for various grain shapes and analysis of a reversible reaction. In 
addition, Szekely develops a model that takes into account the effect 
of sintering, however, this phenomenon will be discussed later. 
The simplifying assumptions that Calvelo and Smith applied in the 
development of the model include: 
1. Negligible external mass transfer resistance. 
2. The solid structure is macroscopically uniform and is not in­
fluenced by the reaction. 
3. The system is isothermal. 
4. Equimolar counter diffusion, or low gaseous concentration 
conditions exist. 
5. Irreversible first-order chemical reaction. 
6. Spherical pellet and grains. 
7. Constant intrapellet diffusivity, and product layer dif­
fus ivity, Dg. 
These assumptions transform the general grain model mass balance 
into 
16 
*^A 2 — 
^EA'(-r + R'dr)-^A=0 (23) 
with boundary conditions 
where 
dCA 
at the pellet center, R = 0, ^dR~^ ~ 
and the external surface, R = R^ , (24) 
.V r\ - - r r k r -i u 
Û o gO 
(25) 
for the shrinking unreacted-core model of the grains and 
= Effective intergrain diffusion coefficient, 
R = Pellet radius, 
P 
SQ = Pellet porosity. 
The grain model development above generates two important dimension-
less parameters: a a Thiele-type modulus and Bi the Biot number for the 
grain such that 
3(1 - e) • k 1/2 
and 
Bi = D /k . r . . (27) 
s gO 
The Biot number allows for the assessment of the relative importance of 
intragrain diffusion and chemical kinetics, while o reflects the relative 
importance of pore diffusion and chemical kinetics. 
Calvelo and Smith (3) illustrated the effect on the conversion 
versus time curves. Figure 3, of varying c for a constant Biot number. 
17 
0.8 
CL 
06 
«10 
«50 
DIMENSIONLESS TIME 
Figure 3. Effect of intergrain diffusion on conversion for Bi = 1.0 
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According to the figure, the conversion at any given time increases as 
a approaches the chemical reaction control regime (a decreases). This 
result is understandable because the average reactant gas concentration 
throughout the pellet increases as the system approaches a uniform bulk 
concentration, corresponding to chemical reaction control. 
The relative influence of the product layer diffusivity around the 
grain can be examined by varying Bi, while holding cr and k constant (3). 
A plot of conversion versus time (see Figure 4) for various values of Bi 
illustrates how conversion increases at a given time due to lower dif­
fusion resistance, as Bi increases. 
Expanding grain model 
The simplified grain model discussed above predicts reasonably well 
the reaction of porous nickel oxide pellets with hydrogen (35). How­
ever, in reaction systems where the porosity decreases, because the 
larger solid product molar volume results in grain expansion into the 
void regions of the pellet, the model is grossly inaccurate. 
Working on the reaction of sulfur dioxide with lime. Hartman and 
Coughlin (7) modified previous grain models and accounted for grain 
structural changes. They expressed the effective intergrain diffusivity, 
^EA' ^ function of the local porosity (3, 15, 27): 
D AC 
1 2 (28) 
where 
e = Sq - (1 - SQ) • (z - 1) • X^, (8) (29) 
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Figure 4. Effect of product layer diffusion on conversion for cr = 2.0 
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z = Expansion coefficient = p^d/p^o, 
'e ' fgoCi + (2 - 1) ' (30) 
= Binary molecular diffusion coefficient, 
= Knudsen diffusion coefficient. 
As the reaction proceeds, therefore, the expanding product layer around 
each grain results in an effective loss of local porosity that reduces 
the effective diffusivity. The increased diffusional resistance 
restricts the transport of reactant gas throughout the pellet, thereby 
lowering the reaction rate. 
Lime pellets of three diameters (0.565, 0.900, 1.12 mm) were reacted 
with sulfur dioxide (0.3% by volume so that bulk flow was insignificant) 
and the conversion versus time data are plotted in Figure 5 (7). In addition, 
a numerical solution to the expanding grain model is provided for each 
set of data. Reasonable agreement between theory and experiment was 
achieved, especially the curve fit of pore closure that essentially 
stops the reaction. 
Effect of grain size distribution 
The principal drawback of the grain model is that a uniform grain 
size has to be postulated in order to express the differential equations 
in a solvable form. The first quantitative analysis of porous solids 
made up of distributed grains, which is usually the case, was developed 
by Bartlett, et al. (2). However, their work was restricted to systems 
under chemical reaction control. The authors found that the nature of 
the grain size distribution may significantly affect the relationship 
21 
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Figure 5. Dependence of the conversion of CaO to sulfate on the exposure 
time and pellet size at 850°C. The solid lines show the pre­
dicted model results 
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between conversion and time. Furthermore, the use of a grain size 
distribution in the region of chemical reaction control often yielded a 
logarithmic relationship between the extent of reaction and time. This 
was not the case, however, for a uniform grain size. 
Szekely and Propster (25) presented a much more comprehensive 
treatment by using approximate solutions (21) to the grain model so 
that mathematical complexities didn't distract attention away from the 
basic concepts. Using three grain size distributions (the Gates-Gaudin-
Schuhman, log-normal, and normal), the authors demonstrated that the 
conversion versus time plots were appreciably altered by the grain size 
distribution, about identical mean grain size values. Therefore, the 
interpretation of experimental data for the purpose of obtaining estimates 
for kinetic parameters may be impaired. 
Effect of reaction equilibrium 
The grain model development presented above assumed that the chemical 
reaction was irreversible. In many systems the reversibility of a reac­
tion significantly restricts the progress of the overall rate. This 
effect can be qualitatively analyzed with the use of a Thiele-type reac­
tion modulus (23), ct', that incorporates the equilibrium constant. 
KG (23): 
3(1 - e )k 1/2 
CT' = R (p (1 + 1/Ke)) - (31) 
EA gO 
As approaches the reaction becomes irreversible and Equation 
31 reduces to Equation 26 because the ratio 1/K^ tends to zero. There­
fore, as the value is lowered, ^ 'increases and the reaction system 
23 
becomes more pore diffusion controlled. At least the system resembles 
one where pore diffusion control is increasingly important. 
Effect of sintering 
Sintering is the phenomenon by which a porous solid increases its 
density as a consequence of being held at an elevated temperature below 
the melting point. In fact, sintering generally generates complex 
structural changes (porosity and surface area). 
Activation energies are high for sintering and that means the rate 
of sintering increases rapidly with increasing temperature. Below a 
particular solid's Tammann temperature (0.4 to 0.5 times the melting 
point), negligible sintering takes place, but above this temperature 
it rapidly occurs in many cases. 
The surface area of the solid is the principal driving force and 
a considerable reduction in free energy takes place on forming a solid 
with a smaller surface area than the unsintered solid. This reduction 
in surface area during sintering is illustrated in Figure 6 from work 
on ZnO and ZnS by Ranade (18). 
Several mechanisms have been proposed for the sintering process 
(23): 
1. Volume diffusion. 
This mechanism proceeds by a diffusion of atoms through the 
particles to the grain boundaries. 
2. Surface diffusion. 
This mechanism involves the migration of atoms across the 
grain surface to the grain boundaries. 
24 
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Figure 6. Effect of sintering on the specific surface area 
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3. Grain boundary diffusion. 
Vacancies in the solid diffuse away from the necks between 
grains via the grain boundaries. 
The earliest effort to incorporate structural changes by sintering 
into the grain model is attributed to Szekely and Sohn (26). They 
assumed that the effective product layer diffusivity, D^ , around the 
grain is a function of the time after the initial formation of the solid 
product layer : 
t - t 
D = D - exp(-^ - ) (32) 
s Sv, Cgi 
where 
t^  = Time at which the particular layer was formed, 
DgQ = Effective product layer diffusivity of species A in a 
newly formed solid product, 
tg^  = Constant of proportionality. 
The predictions of the model agreed reasonably well with measurements 
made using the reduction of nickel oxide with hydrogen at intermediate 
temperatures, below 650°C. At higher temperatures, above 650°C, ex­
tensive sintering in the reacted grain shell took place and the model 
could not match the experimental conversion versus time data. 
Further sintering research using nickel oxide pellets was performed 
by Kim and Smith (12). Their work was directed toward experimental 
determination of the drop in diffusivity and porosity within the pellet 
as a result of sintering. A model relating porosity, e, and tortuosity, 
T, was developed and it yielded considerably improved agreement with 
experimental data over the random pore model (REM), T = 1/e (Figure 7). 
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According to the RPM, the effective diffusivity for a monodispersed un-
sintered porous pellet containing only macropores is given by 
°EA = F = °E • (33) 
where D„ is a composite diffusivity accounting for Knudsen and molecular 
diffusion (to be discussed later). 
Ramachandran and Smith extended the work above and applied the 
model to the hydrofluorination of UO^  pellets (17). The model, in­
corporated into a grain model that was coupled to a thermal balance, 
gave excellent agreement with experimental data (Figure 8). A compre­
hensive analysis of their sintering model parameters is available in 
reference 17. 
Nonisothg'onal grain model 
Highly exothermic (or endothermic) gas-solid reactions in porous 
pellet systems may generate (or consume) a sufficient amount of heat to 
induce a substantial temperature gradient in the pellet. The temperature 
gradient causes the effective intrapellet and intragrain diffusivity 
and, more importantly, the reaction rate to vary due to their tempera­
ture dependency. In addition, extensive grain structural changes may 
result from sintering. Since the grain model is so dependent on the 
diffusivity and reaction rate parameters to simulate the actual gas-solid 
reaction process, the nonisothermal behavior of the systems must be ac­
counted for through these parameters. 
The magnitude of these nonisothermal effects is a function of 
the heat of reaction, effective pellet thermal conductivity and heat 
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capacity, and the heat transfer coefficient between the pellet and bulk 
gas stream. It is generally assumed that the grains are so small that 
temperature gradients in them can be neglected. In order to simplify 
the mathematics, a constant heat of reaction, effective thermal 
conductivity, and effective heat capacity, can be assumed. 
Furthermore, these variables are not strong functions of temperature, 
considering the relative magnitude of pellet temperature changes caused 
by reaction (usually less than 50°C). 
The energy balance in the pellet is given by 
â Rp > R > 0, k^  ^-[^ +1 • ^ A-%e • % E 
with boundary conditions 
dT 
at the center of the pellet, R = 0, - k • (-jr) =0 (35) 
ce MR R=o 
and at the external pellet surface, R = R^ , 
- ^ ce • I^r^ r = ^ c • (^ s " ^ b) (3*) 
where 
k^  ^= Effective pellet thermal conductivity, 
p = Molar density of the pellet, 
/ 
h = Heat transfer coefficient, 
c 
Tg = Pellet surface temperature 
= Effective pellet porosity, 
= Bulk gas stream temperature, 
R^  = Defined by Equation 25. 
The reaction rate constant, k, is taken to be an Arrhenius function 
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of temperature : 
k = kg . exp(- E^ /Rg • T) (37) 
and the gas is assumed to be ideal (C^  = P/Rg • T) 
where 
kg = Frequency factor, 
Eact " Activation energy, 
RQ = Universal gas constant, 
P = Pressure, 
= Total gaseous concentration. 
The effective intrapellet diffusivity, and intragrain (product 
layer) diffusivity, D^ , are also functions of temperature: 
»EA=°EA® 
Therefore, the mass and energy balance equations are coupled through 
Ds(T)-
Calvelo and Smith (3) were the first researchers to apply the 
energy balance to the grain model. They assumed pseudo steady-state 
heat transfer, a good approximation for small heat capacity solids (30, 
31), and applied the assumptions given on page 15 to obtain 
,d^ T ,2 dT, , " ^0^  ' ^c ' k 
kce(^  + R dR)+ , r r. ' k 
_  • r -, 
(38) 
with boundary conditions 
dT 
at the center of the pellet, R = 0, (t^ -) = 0 (39) 
R=0 
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and at the pellet surface, R = j = T^ . (40) 
Combination of Equations 23, 25 and 38 and subsequent integration gives 
the Damkoehler relation 
ce 
where 
Tg = Pellet surface temperature, 
C. = Gaseous reactant concentration at the pellet surface. 
As 
By means of Equation 41, it is possible to eliminate the energy balance. 
The influence that nonisothermality has on the conversion versus 
time curve using the grain model is illustrated in Figure 9 where 
. (- 'W; • % (42) 
 ^ \ ce 
\ 
and various values of are plotted. Their work also analyzes the 
problems, causes, and consequences of thermal multiplicity and in­
stability states. 
Evaluation of Model Parameters 
Most of the parameters utilized in the gas-solid reaction models 
that have been discussed, except for the reaction rate constant, can be 
estimated from measured or known properties using appropriate correla­
tions from the literature. 
The mass and heat transfer coefficients can be estimated using 
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correlations developed by Hughmark (9): 
for the mass transfer coefficient. 
"sh - ' 4 - 4 
and for the heat transfer coefficient, 
V = ® • "L 
where 
Ng^  = Sherwood number, 2k^  • 
N_ = Reynolds number, 2R • V , 
Re p o og 
N„ = Schmidt number, ^  /D.^ , 
be 0§ Av 
N = Nusselt number, 2R • h /k , 
Nu p c eg 
N_ = Prandtl number, C • ^  • k , 
Pr pg og eg 
A, B, N, M = Functions of and Ng^  or 
= Molecular diffusivity of gaseous species A and C in 
the bulk gas stream, 
= Average bulk gas stream velocity, 
= Kinematic bulk gas viscosity, 
= Total bulk gas molar concentration, 
Cpg = Molar bulk gas heat capacity at constant pressure. 
The effective thermal conductivity of the porous solid can be 
estimated using the approach of Woodside and Messmer (32): 
cB 
where 
= Thermal conductivity of solid reactant B, 
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= Thermal conductivity of the gas phase, 
SQ = Porosity of the pellet. 
An estimate of the effective porous solid heat capacity can be 
obtained from the following expression (22) : 
Cpe = (1 - *0) ' CpB (47) 
where C = heat capacity of solid reactant B. However, a weighted heat 
pB 
capacity average for the reactant and product solid could also be used, 
particularly in situations where the two heat capacities varied substan­
tially 
V = I (48) 
where 
Xp = Average pellet conversion, 
Cpp = Heat capacity of solid product D. 
The pellet porosity as a function of local pellet conversion is 
incorporated into the grain model to account for a decrease in pore 
volume caused by "product layer expansion." Product layer expansion oc­
curs when the molar volume of the solid product is greater than that of 
the reactant. Hartman and Cough lin (8) used an experimentally determined 
linear relationship between local porosity and local conversion. Their 
model reduces to 
e = Sq - (1 - Sq) (z - 1) • (49) 
where 
GQ = Initial pellet porosity. 
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z = Expansion coefficient = p^ d/p^ b. 
Porosity measurements can be determined experimentally using Mercury 
Penetration Porosimetry (10) and used to confirm Equation 49 or develop 
a model more representative of the particular system of interest. 
The average grain radius can be determined by relating the specific 
surface of the pellet to the geometry of a spherical grain: 
% = • P' (50) 
where 
2 S = Specific surface area, cm /g, determined by standard 
 ^ B.E.T. measurement, 
Pg = Mass density cf solid reactant B. 
Solving Equation 50 for the grain radius gives 
•^ go = 3/Sp • • (51) 
In addition, grain size distributions can be determined by using a 
Coulter-counter or Scanning Electron Microscope (SEM), then an average 
grain radius calculated. 
The mass transport through a porous bi-dispersed media will be a 
combination of diffusion through macropores and micropores. The actual 
diffusion path will be quite tortuous and the magnitude of this tor­
tuosity will depend on the specific pore structure. 
The effective diffusivity is visualized as being a function of the 
molecular and Knudsen diffusivities. Knudsen diffusion becomes important 
when the gas molecule mean free path is comparable to the dimension of 
the pore. 
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The effective diffusivity estimate of Wakao and Smith (27) is 
based on the random pore model and is proportional to the square of 
the porosity. Wen (30) modified their model and assumed the porosity 
to be raised to the power "a." The effective diffusivity becomes 
 ^= "E • ^  = °E • (52) 
where 
a = A constant with a value between two and three, normally two, 
T = Tortuosity, 1/e for the random pore model, 
II = Combination of molecular and Knudsen diffusion coefficients 
(30) , 
• ' • 
D„. = Knudsen diffusion coefficient calculated from several 
available expressions (23, 27) which are based on 
kinetic theory and the solid physical structure, 
= Binary molecular diffusion coefficient calculated using 
the Chapman-Enskog equation. 
An a priori method to estimate the product layer diffusivity was 
not available in the literature. Consequently, this parameter must be 
determined experimentally. 
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BACKGROUND ON THE CHLORINATION OF LIME 
A variety of gas-solid reaction systems have been used to develop 
a fundamental understanding of the overall gas-solid reaction process. 
Generally, the choice of a reaction system was determined on the basis 
of minimizing the system's complexity, in order to develop a simplified 
model that was conceptually and numerically easy to apply in a host of 
situâtions. The reduction of nickel oxide with hydrogen (16, 24, 26) 
and carbon monoxide (13), for example, has been studied extensively 
NiO(s) + H2(g) -> Ni(s) + H20(g) 
NiO(s) + CO(g) -> Ni(s) + COgXg). 
These reaction systems were attractive because 
1. They were essentially irreversible. 
2. The porosity of the pellet was relatively constant throughout 
the course of reaction. 
3. Equimolar counter diffusion existed. 
Consequently, the development and application of a gas-solid reaction 
model with the above simplifications was greatly facilitated. 
Other gas-solid reaction systems, however, are much more complicated 
to model because these simplifications are not consistent with the 
physical process. The chlorination of lime, for example, according to 
Equation 53: 
CaO(s) + ClgCg) ^  CaClgCs) + j 0^ (ë) (53) 
represents a highly complex reaction system. The effects of pore 
38 
closure, sintering, and nonequimolar counter diffusion contribute signif­
icantly to the general reaction mechanism. 
An extensive literature survey reflected the lack of interest 
and research on the complex gas-solid reaction kinetics of lime 
chlorination. Apparently, the research presented in this report will 
be the first using this particular system. 
Characteristics of the Lime Chlorination Reaction 
The chlorination of lime is highly exothermic (39.5 Kcal/gmol at 
298°K) and essentially irreversible, with an equiliLri" constant 
greater than 10^  at 500°C. The table below gives the heat of reaction 
at various temperatures. 
T (OK) AHrvTj (Kcal/gmol) 
500 - 39.0 
600 - 38.8 
700 - 38.6 
800 - 38.4 
A measure of the relative magnitude of pore closure effects that 
are encountered with a given gas-solid reaction can be estimated with 
the expansion coefficient, Z: 
V • d 
7 = D _ Molar Volume of Solid Product 
Vg • b tfolar Volume of Solid Reactant 
In the case of lime chlorination, the values of these variables are 
b = d = 1. 
Vg = Vg^ Q = 17.25 cm^ /gmol. 
39 
= ^ CaClg =51.62 cm^ /gmol. 
Substituting these values into Equation 54 yields a value of Z = 3.05. 
Apparently, this reaction is affected substantially by pore closure 
resulting from product layer expansion into the void regions of the 
pellet. 
Since the quantity of 0^  produced is only half of the chlorine 
reacted, a net bulk flow of chlorine will be observed. Consequently, 
applying the grain model to this system indicates that the value of 
M= 1- c is 0-5. 
The melting point of CaO and CaClg are 2500 and 772°C, respectively. 
During the course of reaction at moderate temperatures (around 4500C), 
sintering of the lime will certainly not be a severe problem. However, 
the CaClg will sinter (to a certain extent) at temperatures as low as 
half the melting point (Tammann temperature). Therefore, a numerical 
model that attempts to simulate the reaction behavior of lime chlorina-
tion will probably need to compensate for this microstructural 
change. 
Even though lime sintering may not be a problem during reaction, 
reactivity and structural modifications may result during the preparation 
of the solid at considerably higher temperatures than those mentioned 
above. 
Influence of Preparation History on Lime Properties 
The thermal decomposition of calcium hydroxide produces calcium 
oxide varying considerably in surface activity. depending on the temperature 
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and time of calcination, according to research by Glasson (6). As 
noted in his work, calcium hydroxide behaves in much the same manner 
as magnesium hydroxide. 
The curves of specific surface area against temperature of 
calcination for fixed times show a maximum at or near the temperature 
for which decomposition in vacuum is just complete (S^  = 90 to 100 
2 M /g). Calcination in air for 5 hours yielded specific surface areas 
that decreased as the calcining temperature increased (6). 
c^alcination  ^  ^V 
500 18.5 0.35 
600 14.0 0.20 
700 12.0 0.05 
800 6.5 0 
In addition, the percentage of water remaining in the solid is less 
than 1% even at 500°C, indicating that decomposition is essentially 
complete- Apparently, the newly formed CaO becomes activated by re-
crystallization from a pseudo-lattice of Ca(0H)2 to small individual 
crystals having a more stable lattice. Calcination continued after 
complete decomposition always causes sintering, the extent of which 
is enhanced by an increase in temperature. The sintering occurs con­
currently with the removal of chemisorbed water and carbon dioxide 
from the surfaces of the micro-regions (6). 
Work by Barker (1) on the decomposition of CaCO^  suggests that the 
relatively high specific surface areas of CaO produced by the calcina­
tion of the hydroxide may be attributed to micropores within the grains 
with diameters on the order of a few nanometers. 
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ABSTRACT 
A Generalized Grain Model that accounts for bulk flow, reversible 
reaction and pore closure has been developed and critically analyzed. 
The Thiele-type modulus, a, and the Biot number, Bi, are modified to 
reflect the relative impact that bulk flow and reversibility have 
on the pore diffusion, product layer diffusion and chemical reaction 
resistance and the corresponding influence on the conversion of a pellet. 
Using the modified dimensionless parameters, and Bi^ , the ef­
fective diffusivity required to approximate the exact concentration 
profile for bulk flow by solving the numerically more stable equi-
molar counter diffusion model is presented. The results of the actual 
and predicted volumetric average concentrations for the bulk flow 
case agree within 2.5%. 
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INTRODUCTION 
Several mathematical models have been developed in the past few 
years to quantitatively describe the processes involved in gas-solid 
noncatalytic reactions. These models can be generally categorized into 
grain models and pore models. The grain models are based on a solid 
pellet of uniformly distributed grains (1, 6, 8, 10-12), whereas the 
pore models consider the solid reactant to be semi-infinite and to 
contain relatively large macropores (3, 9, 11, 13). 
Generally, these models were developed assuming a negligible bulk 
flow contribution and an irreversible reaction. In addition, the in­
corporation of pore closure (compensating for loss in pellet porosity 
due to product layer expansion into the void regions) into the grain 
model was avoided. An extended generalized grain model that allows for 
pore closure under conditions of bulk flow and reversible reaction is 
presented and critically discussed. 
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DEVELOPMENT OF THE GENERALIZED GRAIN MODEL 
Conceptually, the grain model describes systems where the reaction 
zone extends throughout a porous solid pellet instead of at a sharply 
defined interface. The pellet is modeled as a random grouping of grains 
that react according to the shrinking unreacted-core model (1, 14) 
(see Figure 1). The reactant gas is transported from the bulk gas 
stream to the pellet surface where the gas then diffuses between the 
grains, through the solid product layer around each grain, and finally 
reacts at the reaction surface. 
The general reaction considered is of the form: 
A(g) + bB(s) $ cC(g) + dD(s). (1) 
The following simplifying assumptions are applied to the system: 
1. Pellet retains its initial shape throughout the reaction, 
2. Negligible mass transfer resistance, 
3. Pseudo steady-state system, 
4. Spherical pellet and spherical grains, 
5. First-order reversible reaction, 
6. Constant pressure system. 
The generalized grain model describes the combined effects of bulk flow 
(resulting from a net generation or consumption of reactant), re­
versible reaction and pore closure (caused by the loss of porosity from 
an expanding product layer around each grain). 
The flux of species A in a binary mixture is given by (7, 12) 
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Figure 1. Pictorial representation of a spherical pellet according to 
the Generalized Grain Model 
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(2) 
where 6^  = Dg^ /(D^ G^^ /T^ ) and = - cN^  (from stoichiometry) and we 
have neglected the "viscous" flow term that arises from any induced 
pressure gradients. Evans (4, 5) has analyzed the importance of this 
term and indicated that under certain conditions it is not negligible. 
An order of magnitude estimate, however, suggests that the assumption 
is quite reasonable under conditions studied here and particularly when 
°KA °EA" 
The reaction rate per unit area, for a first-order reversible 
reaction in the forward and reverse directions is traditionally written 
as 
Generally, the concentration gradient of reactant gas throughout 
the pellet results in nonuniform pellet conversion. Consequently, a 
porosity distribution will exist when the molar volume of solid 
product is different from the molar volume of solid reacted. The 
local porosity, is routinely taken to be a linear function of 
local conversion (6, 8) and related to the original pellet porosity, 
=0' as 
%Ac = - ksYcc] (3) 
and at equilibrii^  = kY^ /^(l - for a pure reactant gas. 
Substitution into the rate expression reduces to 
(4) 
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SR - Co -
where Z = p^ Cl - eg)d/Pjj(l - ejj)b is the expansion coefficient and 
Xj^  is the local conversion of B to D at radius R. 
The intergrain continuity equation for gaseous reactant A is 
given by 
, 2 •'V , ®A 2  ^(1 - "W „ 
+ ^ -rr- + 1 _ vr-t V (-35-) - n n ^ 2^ E œ 1 - dR A 
where M = 1 - c. The associated boundary conditions are 
(6)  
at R = 0, = 0 (7) 
and at R = R^ , = 1.0. (8) 
The gaseous reactant consumption term, - R^ , is related to the surface 
reaction rate, R^ ,^ by the following expression: 
-
"a - — " -
^go 2 
- (1 A., - V 
"g. 
The effective diffusivity, is a function of molecular and Knudsen 
diffusion and pellet porosity and tortuosity, defined by the relation 
(7, 8, 12): 
®EA = 
(for the random pore model). The gradient of is small compared to 
the concentration gradient and has been neglected in Equation 6. 
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To investigate the influence that a bulk flow tern has on the 
reaction rate, the following flux relationship is applied through the 
product layer on the grains: 
"a • - + VsA®A + "c' (11) 
where eff analogy with Equation 2. An estimate for " 
the effective binary diffusivity, in the product layer is not 
readily obtainable; consequently essentially reduces to an adjustable 
parameter. Using Equation 11, an analytical expression that relates 
the intergrain concentration of reactant A to the corresponding reaction 
interface concentration at any particular pellet position results from 
the solution of the following intragrain continuity equation: 
4' M«SATA " 
with boundary conditions: 
(12) 
at r . r^ , 
and at r = r 
»SACl 
(13) 
kC„ 
(Y.. -
r=r 
1 - Y. " Ac Ae' Ae 
The analytical solution is 
where 
 ^ ^^ SA^ Ac _ 
1 - *KsA?AR " ™PL\BsA(l - TAe)/ XT go' g 
(14) 
Cg = 'go" + - "V''' (15) 
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Method of Solution 
The intergrain concentration profile is obtained by solving 
Equations 5 to 8 using a straightforward finite difference technique 
(2) and iterating until a stable solution is approached. The cor­
responding reaction interface concentrations are calculated after 
each iteration by solving Equation 14 using the Regula-Falsi method. 
An estimate of the reaction interface position for the next time 
step at a particular grid point is calculated by the following expres­
sion: 
The overall pellet conversion can be calculated by numerically inte-
(16) 
grating = 1 — (r^ /r^ )^ over the pellet volume 
(17) 
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ANALYSIS OF THE GENERALIZED GRAIN MODEL 
The majority of previous gas-solid reaction models have been 
evaluated using two important dimensionless parameters (1, 3, 8, 10-12), 
the Thiele-type modulus, a, and the Biot number, Bi. Szekely, et al. 
(12) and Calvelo and Smith (1) have illustrated the relative importance 
of these parameters. However, their work neglected the combined ef­
fects of bulk flow and reversible reaction. Therefore, these dimen­
sionless parameters must be modified to account for the unique in­
fluence of the above phenomena. 
The differential equations presented in the previous section sug­
gest that the term 1 - (and 1 - for the grain) may reflect 
the relative magnitude of the bulk flow term. Consequently, if we 
—P determined an average value of reactant, Y^ , within the pellet, then 
the term might be directly inserted into the standard Thiele-type 
modulus such that 
/3(1 - e )K(1 - Mg Y.)\l/2 
" = < ) • 
Similarly, the Biot number may be modified with the addition of 
1 - ^ S^A^ A 
Bi = —  ^. (19) 
krgo(l - MGSA?A) 
The corresponding incorporation of the reversible reaction parameter. 
(1 - into a and Bi gives 
a = R 
m p 
3(1 - E„)k(l -
E^A^ go^  ^ A^e) 
1/2 
(20) 
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and 
B i  . .  ( 2 1 )  
—P —G In the practical sense, and Y^  are not known initially (prior 
to estimates obtained from numerical solution of the continuity 
equations) so that the appropriate approach is to assign them values 
equal to the bulk reactant mole fraction, Y^  ^(chosen to be 1.0 in 
this study). 
The numerical analysis that is to be presented shortly is based 
on the following parameter values: 
a = 2.19 (for no bulk flow and an irreversible reaction) 
and Bi = 0.10 
where 
Dg = 0.125 cnf/s (D^  ^= 0.20 cm^ /s, = 0.0833, 6^  = 0.625 
= 10 ^  cm^ /s 
k = 10 ^  cm/s 
-4 
r =10 cm 
go 
R = 0.1 cm 
P 
3 pg = 0.1 gmol/cm 
e =0.5 
0 
C„ = 1.33 X 10 ^  gmol/cm^ . 
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According to Szekely, et al. (12), when ô = a//IF (for a spherical 
grain and pellet system) is less than 0.33, the pellet reacts 
homogeneously (no pore diffusion resistance) and when a is greater than 
3.0, the pellet reacts according to the shrinking unreacted core (high 
pore diffusion resistance). Consequently, the analysis presented here 
is based on low pore diffusion resistance (a = 2.19//Ï8 = 0.516). 
Similarly, when = l//6Bi is less than 0.333, chemical reaction 
resistance dominates, whereas larger values of reflect an in­
creasing product layer diffusion resistance (diffusion controlled when 
Og > 3.0). A Biot number of 0.1, therefore, corresponds to a moderate 
product layer diffusion resistance (a^  = 1.29). 
Evaluation of Bulk Flow 
According to (Equation 20), when Mô^  < 0 (a net production of 
_p 
gaseous product, i.e., c > 1), the term 1 - Mg^ Y^  increases and 
indicates that the pore diffusion resistance is playing a more im­
portant role. Consequently, the reactant concentration in the pellet 
should be lower than the corresponding equimolar concentration. This 
behavior is illustrated in Figure 2 where the concentration profiles 
(at t = 0) for various values are plotted. For illustrative 
purposes, the value in Bi is taken to be equal to Mô. in o . 
uA in Â m 
However, in practice is really an adjustable parameter. Because 
no reaction has actually taken place for the conditions illustrated 
in Figure 2, the results are independent of Bi . in 
The effect of bulk flow on the conversion vs time curves is 
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R/R: 
Figure 2. Influence of bulk flow, , on the intergrain concentration 
profile within the pellet, for an irreversible reaction, 
?Ae = 0 
54 
presented in Figure 3. Substantial deviation from the equimolar curve 
is noted. A major portion of the observed trends in Figure 3 can be 
explained by the bulk flow contribution through the grain product layer. 
In Figure 4 the conversion vs time curves for various degrees of inter-
grain bulk flow (M6^ =0.5, 0, - 1.0) with equimolar counter diffusion 
in the grain product layer = 0) are plotted. Since the curves 
for = 0.5 and - 1.0 differ from the equimolar curve (M6^ = 0) by 
less than 2.5% conversion, it is apparent that the most important 
bulk flow effect is occurring in the grain product layer. This does 
not suggest that the intergrain bulk flow is not important. In fact, 
the extreme variations in the concentration profiles in Figure 2 indi­
cate that substantial error would result if a rate constant, k, were 
determined from initial rate data using the equimolar counter diffusion 
grain model. 
The influence of intergrain bulk flow is better illustrated in 
Figure 5 where the conversion vs time curves are based on no product 
layer diffusion resistance (Bi = =») . 
In many cases the numerical solution of Equations 6 to 8 becomes 
highly unstable because of the nonlinear terms introduced by the 
bulk flow analysis. Consequently, if one could appropriately adjust 
the effective diffusivity, for the equimolar case and approximate 
i.he bulk flow concentration profile, then the above problem could be 
partially avoided by solving the equimolar model with the adjusted ef­
fective diffusivity. The logical approach is to adjust until the 
Thiele-type modulus for = 0 and ^ 0 are identical. This im­
plies that the equimolar effective diffusivity that best approximates 
55 
SA" 
0.8 
- M5 
= 2.19 MÔ 
SA" CL 
X 
- 0.6 0.05 
= -2.0 
MS SA = -2-0 
= 3-79 
Bi" = 0.0333 
LU 
> 
Z O 
o 
0.5 
H— 
LU 
LU 
0.4 
a. 
0.3 
0.0  
10 20 0 30 
TIME (MINUTES) 
Figure 3. Influence of bulk flow on pellet conversion of an irreversible 
reaction, Y. =0 
Ae 
56 
MÔ^ =0.5 (INTERGRAIN) 
MS.. = 0.0 (INTRAGRAIN) 0.9 
0 . 8  
0.7 
0 . 6  
0 (INTERGRAIN) 
= 0.0 (INTRAGRAIN) 
M5 
0.4 
0.3 
0.10 
0.0  
0 . 0  
TIME (MINUTES) 
Influence of intergrain bulk flow, on pellet conversion 
with equimolar counter diffusion through the grain product 
layer, M5g^ = 0 
57 
0.9 
0.8 — 
M5 
= 00 
0.7 MS 
= es 
Q. 
X 
z 0.6 
o 
> 
z 
o 
= oo 0 . 5  
i— 
LU 
_1 
—1 
LU 0.4 
a. 
0.3 
0 .2  
0 . 0  
12 ô  8 10 4  
TIME (MINUTES) 
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product layer diffusion resistance, Bi = <= 
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the bulk flow concentration profile when = 0 be given by 
D 
1 
D 
(with bulk flow) (equimolar) 
p 
where Y is the volume average mole fraction of species A from the 
Ao 
equimolar counter diffusion concentration profile. The agreement is 
excellent as shown in Figure 6 for various values of In each case 
the average concentration,Y^, for the predicted and actual profiles 
agree within 2.5%. Notice that when < 0, the predicted profile 
slightly overestimates the actual concentration profile in the outer 
regions of the pellet and underestimates in regions near the pellet 
center. On the other hand, when MS^ > 0, the predicted curve slightly 
underestimates the entire actual concentration profile. 
For an irreversible system, the volume average mole fraction of 
gaseous reactant A is a strong function of the Theile-type modulus, a, 
as shown in Figure 7. As a increases, pore diffusion resistance plays 
a more important role compared to chemical reaction resistance and the 
—P 
resulting average intrapellet concentration of reactant (Y^^ for the 
equimolar counter diffusion model) is lowered. Therefore, one can 
—p 
obtain a for an equimolar model, determine Y^^ from Figure 7 and esti­
mate a for a system with bulk flow effects. 
As previously discussed, the intergrain concentration profile is 
obtained by solving Equations 6 to 8 using a finite difference technique 
and iterating until a stable solution is approached. Consequently, 
an equimolar counter diffusion model (M6^ = 0) can be adjusted for bulk 
m 
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Thiele-type modulus, cr, for an irreversible system 
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flow by calculating the volumetric average concentration during each 
iteration and appropriately correcting the effective diffusivity. 
This approach predicts a slightly higher average concentration than the 
actual solution; i.e., the predicted average is equal to 0.855 and 
the actual average concentration is 0.820 (4.3% error) .for .the Mô^ = 0.5 
case in Figure 6. Nearly identical predicted and actual conversion vs 
time curves are obtained using this method, as demonstrated in Figure 8 
for M5^ = 0.5 and no product layer resistance. 
Evaluation of Reversible Reaction 
As the degree of reaction reversibility increases (increasing 
equilibrium concentration, i.e., 1.0), the system behaves as 
though the intergrain diffusion resistance were becoming more important. 
This is implied by a which increases as Y, increases (Y. = 0 for 
m Ae Ae 
an irreversible reaction). 
The influence of reaction reversibility on the concentration 
profiles is presented in Figure 9 for = 0.5. When Y^^ = 0.831, the 
system looks much more intergrain diffusion limited than an irreversible 
reaction because the reaction driving force is substantially reduced. 
Consequently, the modified Biot number becomes significantly lower and 
the conversion level obtained in a given time period is drastically 
reduced as depicted in Figure 10. 
Since the system enters a more intergrain diffusion important 
region as reversibility increases, the nonuniformity in local pellet 
conversion is enhanced. This trend is observed in Figure 11 where 
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the local pellet conversion after 1 min of reaction is plotted for 
several levels of reaction reversibility. 
Evaluation of Pore Closure 
In reaction systems where the molar volume of solid product is 
different from the molar volume of solid reactant, the local porosity 
within the pellet varies with conversion according to Equation 5 as a 
result of a continually changing grain radius, 
'g = rgptl + (Z - (15) 
2 Since the effective diffusivity, = D^E^, is a strong function of the 
local porosity, the intergrain diffusion resistance will vary with R. 
In addition, the intragrain product layer diffusion resistance changes 
with grain radius and conversion, i.e., variation in diffusion path 
length. It should be noted that Equation 6 was developed assuming 
the variation of porosity with radial pellet position to be negligible, 
i.e., 2DgE^(dY^/dR)(dE^/dR) is negligible. This approximation was 
justified by an order of magnitude estimate and a numerical solution 
of a model with the term included. 
The parameter Z (the expansion coefficient. Equation 5) charac­
terizes the degree of volume change upon reaction. Consequently, 
systems characterized by pore closure, Z > 1, where the local pellet 
porosity decreases because of an expanding product layer, experience 
a physical choking off of the gaseous reactant (lowering of the ef­
fective intergrain diffusivity). Conversely, pore expansion systems 
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(Z < 1) generally aid the transport of reactant by increasing the 
pellet porosity as reaction proceeds. 
Figure 12 illustrates the effect of loss in pellet porosity for 
a reversible = 0.390) pore closure system with Z = 2.5 and a net 
bulk flow of reactant into the pellet (N5^ = 0.5, = 0.5). Notice 
that the nonuniformity in local porosity (or local conversion) in­
creases as the system approaches pore closure. Consequently, as inter-
grain diffusion resistance increases (particularly near the pellet sur­
face), the concentration throughout the pellet progressively drops as 
shown in Figure 13. Since the reaction interface concentration, 
is very nearly equal to the equilibrium concentration, Y^^, the 
reaction is essentially halted even though the intrapellet concentra­
tion is not yet at equilibrium. In the limit, of course, when pore 
closure has occurred, transport of reactant into the pellet essentially 
stops. The finite concentration difference, Y, - Y, , observed in 
^ Ac Ae 
Figure 13, results because of the numerical time step used. 
The net effect of severe transport resistance resulting from pore 
closure is a gradual loss in reaction rate and subsequent pellet 
conversion. The variation in conversion with time for Z = 1,0, 2.0 
and 2.5 is presented in Figure 14. From the curves with Z = 2.0 and 
2.5, the point of pore closure is characterized by a zero reaction 
rate, i.e., dX^/dt = 0. 
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CONCLUSIONS 
The generalized grain model has been developed and analyzed under 
conditions representative of a system with low intergrain pore dif­
fusion resistant (a = 2.19) and moderately high intragrain product 
layer diffusion resistance (Bi = 1.0). The bulk flow contribution 
through the solid product layer is shown to have more effect on rate 
of conversion than bulk flow between grains for these particular 
parameter values. For higher values of a, the converse will be true. 
The bulk flow parameter and and the equilibrium concentra­
tion for reversible reactions can be used to form a modified Thiele-
type modulus 
„ /3(1 - e„)k(l -
"" A - he> I 
and a modified Biot number 
Bi . 'SA" - V 
" kfaoti - ««SA?!) 
—P 
By calculating a, reading from Figure 7, estimating 8^, determining 
and using to replace a in an equimolar counter diffusion model, 
the effect of bulk flow and reversibility can be quickly determined. 
Excellent agreement is obtained in the conversion vs time curves 
between the generalized grain model solution with bulk flow included 
and the equimolar counter diffusion grain model with the effective 
diffusivity adjusted. A similar comparison of Bi and Bi^ will indicate 
the importance of reversibility and bulk flow on the product layer 
diffusion resistance. 
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The effect of bulk flow reversibility and pore closure on the 
reaction rate are now more easily quantified. 
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NOTATION 
A(g) symbol for gaseous reactant. 
b = moles of solid reacted per mole of gas reacted. 
B(s) = symbol for solid reactant. 
Bi 
m 
= 
modified Biot number, Dg^(l - Y^^)/krg^(l - -"SA^A'' 
c 
= moles of gas produced per mole of gas reacted. 
C(g) = symbol for gas product. 
^T 
= 3 total concentration, gmol/cm , 
d = moles of solid produced per mole of gas reacted. 
D(s) = symbol for solid product. 
°EA 
= 2 
effective diffusivity, cm /s. 
= 
2 
function of molecular and Knudsen diffusivity, cm /s. 
°SA 
= 2 
effective product layer diffusivity, cm /s. 
°AC 
= 2 
molecular binary diffusivity, cm /s, 
D 
AC,eff 
effective molecular binary diffusivity in product layer, 
2. 
cm /s. 
°Kâ 
= 2 Knudsen diffusivity, cm /s. 
t. kg = forward and reverse direction rate constants, cm/s. 
M = 1 - c. 
= 
molar flux of species A, 
«C 
= 
molar flux of species B, 
= 
volumetric generation of gaseous reactant A, 
= 
reactant generation per unit surface interface area, gmol/s cm 
R = radial pellet position. 
R 
P 
= pellet radius, cm. 
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r = reaction interface grain radius, cm, 
c 
r = initial grain radius, cm, go 
r^ = defined by Equation 15, 
t = time, sec, 
3 
= local pellet conversion, 1 - (r^/r^^) , 
Xp = volume average pellet conversion, defined by Equation 17, 
= intragrain mole fraction of gaseous component A, 
= intergrain mole fraction of gaseous component A, 
Y^^ = reaction interface mole fraction of gaseous component A, 
Y^^ = equilibrium mole fraction of gaseous component A, 
—P —G 
Y^, Y^ = volume average intergrain mole fraction and intragrain mole 
fraction of gaseous component A (P = intergrain pores; G = 
grain product layer), 
Greek 
6^ ^ °EA^^°AC^R'''^ R^ 12) antergrain) , 
*SA = DsA/DAC,eff <^7 analogy of 5^) (intragrain), 
= initial pallet porosity. 
Eg, E^ = porosity of solid reactant and product, 
£ = local porosity as a function of radial pellet position, 
Tg = local pellet tortuosity as a function of radial pellet position. 
„ /3(1 - E.)k(l - M6^Yf)y/2 
A / • 
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ABSTRACT 
A two-dimensional grain model based on spherical grains formed 
into a cylindrical pellet of finite length has been developed. Numerical 
solutions of the model have been used to indicate: 
a. The minimum length pellet that can be used in an experiment 
if it is to be modeled as an infinite cylinder, 
b. The minimum radius of an experimental pellet if it is to be 
modeled as an infinite slab, and 
c. The maximum length of a pellet that is to be modeled as a 
homogeneously reacting system. 
The results depend on the relative diffusional resistance in 
the pellet which has been correlated by a Thiele-type modulus, a, after 
Szekely, et al. (6). 
The interest here is in determining rate constants from the initial 
portion of a conversion-time curve. An indication of the error in the 
rate constant which results from using a finite length pellet modeled 
as an infinite cylinder is given. 
The results are also compared to the approximate solutions pro­
posed by Szekely, et al. (6). 
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INTRODUCTION 
Generally, the modeling of gas-solid reactions has been restricted 
to such pellet geometries as spheres, infinite slabs, and infinite 
cylinders. These systems were attractive because the continuity 
equations were one-dimensional and analytical and numerical solutions 
were relatively simple. 
In the practical sense, finite cylinders are easier to press than 
infinite cylinders, slabs or spheres. Therefore, a gas-solid reaction 
model applied to cylindrical pellets (two-dimensional diffusion) would 
eliminate the uncertainty of analyzing kinetic data with a model that 
was only appropriate under limiting conditions (infinite slab and 
infinite cylinder). Furthermore, an analysis of a two-dimensional 
gas-solid reaction model can be used to determine the conditions when 
the numerically simpler one-dimensional models apply. 
In recent years numerous applications of the "grain" model (1, 
3-7) to gas-solid reaction systems have been moderately successful. 
However, these models were applied strictly to spherical pellets. 
Therefore, a two-dimensional grain model would have much wider ap­
plication and provide insight regarding the limiting conditions where 
simpler models are applicable. 
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DEVELOPMENT OF THE TWO-DIMENSIONAL GRAIN MODEL 
Conceptually, the grain model (1) attempts to describe systems 
where the reaction zone may extend throughout a porous solid pellet 
instead of at a sharply defined interface. The pellet is modeled as 
a random grouping of grains that react according to the shrinking 
unreacted-core model (1, 8) (see Figure 1). The reactant gas is 
transported from the bulk gas stream to the pellet surface where the 
gas then diffuses between the grains, through the solid product layer 
around each grain, and finally reacts at the reaction surface. 
The general reaction considered is of the form: 
The following simplifying assumptions are applied to the system: 
cl) Irreversible first-order chemical reaction, 
(2) Equimolar counter diffusion, 
(3) Retention by both pellet and grain of their initial shape 
throughout the reaction, 
(4) Negligible mass transfer resistance in the gas phase, 
(5) Reaction of spherical grains according to the shrinking 
unreacted-core model. 
With these assumptions the continuity equations for gaseous reactant 
A may be written as 
A(g) + B(s) C(g) + D(s). 
(1) 
with boundary conditions 
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Figure 1. Conceptual grain model representation of a porous cylindrical 
pellet 
81 
at R = 0 and Z = 0, Il = Il = 0, 
and at R = and Z = L, y R=R Z=L - I'O 
P 
with the initial condition, t = 0, that the concentration profile 
within the pellet is at its steady-state value. 
The gaseous reactant generation term, R^, can be related to the 
surface reaction rate expression, R^^ = KC^y^, by the following ex­
pression: 
2 
= 3(1 - Eg) = 3(1 - Co) F- (2) 
T g \ g/ 
and the effective diffusivity, is a function of molecular and 
Knudsen diffusion and pellet porosity and tortuosity, defined by the 
relation (4): 
D = D — = D (for the random pore model) 
ea e T e o 
where 1/D = 1/D + 1/(D T/E ). Since each grain reacts according 0 3C JSâ O 
to the shrinking unreacted-core model, an expression relating the 
reaction interface concentration, y^, to the intergrain concentration, 
y, is obtainable and given by 
^C 1 + (l/Bi)Y(l - Y) 
where = Bi = Biot number and 
D. 
I 
g 
Ï - fc/rg • 
At a given position in the pellet, the rate of change of the 
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reaction interface is obtained by writing the rate of reaction of B in 
terms of Equations 2 and 3 to obtain 
KC 
-  ^  =  — [ 1  + (l/Bi)Ya - Y )1"V  (4) 
' ^ 2 B1 + yCl - Y) • (4') 
Note from Equation 4a that if Bi > 2.5, then Bi + y(1 - y) = Bi and 
dy/dt at any point in the pellet depends only on y. 
Method of Solution 
Equations 1, 2 and 3 were combined and solved numerically using 
a modified Implicit Alternating-Direction technique (2). The steady-
state mole-fraction profile through the pellet was obtained by inte­
grating over time until the profiles no longer changed. This method 
is stable if the concentration gradients are not too large. 
Using the intrapellet concentration profile, the change in the 
reaction interface radius throughout the pellet was calculated by 
writing the derivative in Equation 4 in difference form and multi­
plying by the time increment (usually 5-10 sec). The average pellet 
conversion was then obtained by integration of the following expression: 
n3 R(l-y^)dRdZ. (5) 
With r^ as a function of position in the pellet, the corresponding 
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concentration profile (pseudo steady-state) is again obtained from 
Equation 1, as described above, and another time step given. 
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RESULTS AND DISCUSSION 
The basis for analyzing the two-dimensional grain model can be 
centered around two important dimensionless parameters: cr, a Thiele-
type modulus, and the Biot number. Two o parameters arise in the 
limiting cases of an infinite cylinder, 
,1/2 /JVi - e 
- ' R , , - -p " ea g 
and an infinite slab, 
<3(1 - E )K\l/2 /3 _ :,  
(7) 
ea g ' 
Combining Equations 1 and 2 and writing the result in dimensionless 
form gives 
* 2 
where u = R/R^ , v = Z/L, t = xD^ /^R^ . Equation 8 can be used to 
indicate the effect of a finite length on the concentration profiles in 
the pellet. Obviously Equation 8 reduces to the equation for an 
2 infinite cylinder as L approaches infinity. Multiplying by (L/R^ ) 
and letting R^  approach infinity yields the infinite slab equation. 
The effect of the pellet and grain shapes also influences the 
conversion as calculated through Equations 4 and 5. Therefore, 
Equation 8 cannot be used by itself to deduce limiting values of R^ /L 
beyond which an infinite cylinder or an infinite slab can be assumed. 
The limiting values of R^ /L also depend on the magnitude of sigma. 
Calvelo and Smith (1) report that when the Biot number is 1.0, 
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product layer diffusion resistance, although not negligible, is far 
less important than chemical reaction resistance. Szekely, et al. (6) 
A 2 1 indicate that when ô (=2^  when applied to a spherical grain) is 
g DiSl 
less than 0.1, product layer diffusion resistance is negligible. The 
- 2  following analysis will be based on a Biot number of 1.0 or cr^  = 0.1667 
and product layer diffusion resistance will not be neglected. 
The parameters chosen for illustration of this two-dimensional 
model approximately represent the experimental systems being used and 
range from low pore diffusion resistance to moderate pore diffusion 
resistance. The specific values chosen are: 
Rp = L = 0-2 cm (as a reference) 
-4 
r =10 cm £=0.5 
8 o 
K = 10 ^  cm/s = 1.5 x 10 ^  gmol/cm^  
—7 2 
Dg = 10 cm /s pg = 0.10 gmol/cm 
Two values of the effective diffusivity then give: 
Case 1: = 0.75 cm^ /s, = o^  = 0.894 
P 
2 Case 2: = 0.125 cm /s, = 2.19. 
P 
Since = L is the reference condition for the two-dimensional grain 
model analysis, the value of or will vary with changes in R /L. 
P  ^
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Evaluation of the Thiele-Type Modulus 
Higher values of o represent systems with increased pore diffusion 
resistance. Figure 2 shows the radial and axial concentration pro­
files for o = 0 = 0.894 and 2.19. These curves illustrate the K L 
p 
lower concentration in the pellet at higher a and also the slightly 
higher concentrations along the radial axis as compared to those along 
the axial axis. 
Equivalent Spherical Radius Approximation 
If the grain model in spherical coordinates could be applied to 
a cylinder with R^ /L = 1.0, substantial computing time could be saved 
in the analysis and the more easily made cylindrical pellets could be 
used. Figure 3 illustrates the effect of using an equivalent spherical 
1/2 
radius based on pellet surface area (R = (6/4) R ) and pellet volume 
s p 
(Rg = (6/4)^ ^^ Rp) for cases 1 and 2. 
When = 0.894, the equivalent spherical radius approxima-
P 
tion is quite good; however, the deviation from the two-dimensional curve 
(R /L = 1.0) grows as a is increased so that when = 2.19, the 
 ^ P 
approximation is not applicable. In each case the equivalent spherical 
radius based on the cylindrical pellet volume yields the best results. 
Infinite Cylinder Approximation 
When using cylindrical pellets for solid-gas reaction experiments, 
it would be helpful to know when a cylinder is long enough to be 
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Figure 2. Mole fraction profiles in the cylindrical pellet for a = a = 0.894 and 2.19 
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Figure 3. Comparison of the conversion vs time curves for the two-
dimensional grain model with Rp/L = 1 and the grain model 
with an equivalent spherical radius 
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considered infinite or when it is short enough that the concentration 
becomes uniform throughout (homogeneous reacting pellet). 
Figures 4 and 5 show pellet conversion versus time for cases 1 
and 2, respectively. The parameter R^ /L is varied by changing L 
while holding constant at 0.2 cm. The curves for R^ /L = " repre­
sent an infinitesimally thin circular wafer that reacts homogeneously. 
The curves for R^ /L approaching zero represent an infinite cylinder. 
Figure 4 for a = 0.894 illustrates the case of low diffusion 
P 
resistance through the pellet. In this case the curves for all 
Rp/L < 0.33 essentially coincide. The difference in conversion between 
the wafer and infinite cylinder is the maximum after a reaction time 
of about 5 minutes where the conversion levels are 79% for the wafer 
and 70% for the infinite cylinder. A conversion of 75% requires 4.7 
minutes for the wafer and 5.7 minutes for the cylinder. 
An approximate solution to the grain model, developed by Sohn 
and Szekely (5), can be applied to an infinite cylinder or to an 
infinite slab. The model is based on the linear combination of the 
times required to achieve a given conversion under chemical reaction, 
pore diffusion and product layer diffusion control. Their approximate 
solution for an infinite cylinder with = 0.894 is also shown in 
P 
Figure 4. The solution is close to that for a wafer at low conversion 
but moves toward that for the infinite cylinder at high conversion. 
Figure 5 for = 2.19 indicates a substantially stronger effect 
P 
of cylinder length when the pore diffusion resistance is higher. In 
this case the approximate solution by Sohn and Szekely is not 
particularly good under any conditions. 
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A cylinder half-length of less than 1/4 the radius (R^ /L > 4) is 
required to reasonably approximate a homogeneous reaction system. 
Conversely, a cylinder half-length greater than four times the radius 
(Rp/L = 0.25) must be used to obtain a conversion that is within 6% 
of the infinite cylinder conversion at 20 min. 
Comparison of Figures 3 and 5 shows that the conversion for 
Rp/L = 0.25 is closely approximated by the equivalent sphere based on 
volume. However, no simple correlation between R /L and was found 
 ^ P 
that would seem to be useful in experimental work. 
Infinite Slab Approximation 
Figures 6 and 7 illustrate the effect of varying R^  while holding 
L constant for cases 1 and 2, respectively. There would seem to be 
little experimental interest in approaching an infinitesimal radius so 
that only R^ /L > 1 is illustrated. Two conclusions can be drawn from 
these curves: (1) The approximate analytical solution for the infinite 
slab is less accurate than that for the infinite cylinder, and (2) the 
ratio of radius to half-length must be greater than the ratio of half-
length to radius to provide equivalent approximations to the infinite 
slab and the infinite cylinder, respectively. 
Experimental Determination of Rate Constants 
Experimental conditions can frequently be varied by changing 
temperature, pellet porosity and pellet dimensions so that conversion 
versus time data can be obtained under both homogeneous reaction condi-
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tions and diffusion influenced conditions. The present analysis as­
sumes that both the solid product layer diffusivity and the effective 
pellet diffusivity have been determined. Then either initial rate data, 
where product layer diffusion is less important, or homogeneous reac­
tion conditions can be used to determine the reaction rate constant. 
The objective is to calculate the conversion versus time curve for a 
finite two-dimensional cylinder and assume this to be the experimental 
result. The next step is to analyze the data using an infinite cylinder 
or an infinite slab model to calculate the apparent rate constant by 
forcing the conversion curves to correspond for the first 30 seconds. 
Table 1 represents these results for = 2.19 and values of L between 
P 
0 and 00. These data suggest that a pellet with R^ /L = 1/6 could be 
approximated by the infinite cylinder model with less than 10 percent 
error in the rate constant. Similarly, a pellet with R^ /L = 6 could 
be adequately analyzed by an infinite slab model. 
Using the infinite cylinder model suggested by Szekely, et al. 
and a conversion of 0.0528 after 30 seconds, the calculated rate 
constant is 0.000405 or a factor of 2.5 lower than the correct value. 
Figure 8 shows the complete conversion curves for R^ /L =0.25 
and 4.0. The infinite slab and infinite cylinder curves were obtained 
by using the apparent rate constants given in Table 1 (0.001143 and 
0.001144) which gave conversions identical to those of finite pellets 
after 30 seconds. As expected, the slab curve closely approximates the 
Rp/L = 4 curve but the infinite cylinder approximation of the R^ /L = 
0.25 curve is poor at higher conversions. The error in the rate 
constant is the same in each case, however. 
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Table 1. Experimental determination of rate constants 
R /L 
P 
Conversion 
after 30 sec 
Apparent rate 
constant, K 
Error, 
percent 
1.0 
0.5 
0.25 
0.125 
0 . 0  
2 .0  
4.0 
0.0679 
0.0605 
0.0567 
0.548 
0.0528 
0.0820 
0.1028 
0.1218 
Infinite Cylinder Analysis 
0.00163 63.0 
0.00130 30.0 
0.001143 14.3 
0.00107 7.0 
0.00100 0.0 
Infinite Slab Analysis 
0.00 206 106 
0.001144 14.4 
0.001 0 
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CONCLUSIONS 
The required length of a cylinder that is to be modeled as an 
infinite cylinder is a complex function of the ratio of diffusion 
resistance to reaction resistance. For a value of a near 2.2 a half-
length greater than 4 times the radius should be used while for a less 
than 0.9 a half-length of 2 or 3 times the radius is certainly adequate. 
For values of a larger than 2.2, preparation of an experimental cylinder 
that can be approximated by an infinite cylinder model may not be 
practical. 
The approximate model proposed by Szekely, et al. for predicting 
the time to achieve a given conversion is useful at very high conver­
sions but it should not be used to analyze experimental data at low 
conversions when pore diffusion resistance is significant. 
A cylinder with a half-length of 1/4 the radius or less can be 
modeled as a homogeneously reacting system for values of  ^2.2. 
P 
There is no aspect ratio (R^ /L) for which experimental data from 
a cylindrical pellet can be reliably analyzed using a spherical model 
with an equivalent radius unless the system is reacting essentially 
homogeneously, a = a < 0.894. 
K L 
p 
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NOTATION 
A = gaseous reactant, 
B = solid reactant, 
Bi = Biot number = D /Kr , 
s g' 
C = gaseous product, 
3 
= total gaseous molar concentration (gmol/cm ), 
D = solid product, 
2 
= binary molecular diffusivity (cm /s), 
= function of molecular and Knudsen diffusion coefficients, 
(cm^ /s) (4), 
2 
= effective intrapellet diffusivity (cm /s), 
2 Dg = effective product layer diffusivity (cm /s), 
K = reaction rate constant (cm/s), 
L = half-length of the cylinder, 
r^  = reaction interface radius, 
r^  = grain radius, 
R = radial position in the pellet, 
= defined by Equation 2, 
Rp = equivalent spherical radius, 
R = reaction rate per unit surface area, = KC_y , 
ac T c 
t = time (sec), 
t* = dimensionless time, 
= average pellet conversion, defined by Equation 5, 
y = mole fraction of gaseous reactant A as a function of pellet 
position (R and Z), 
100 
mole fraction of gaseous reactant A at the reaction inter­
face, 
axial position in the pellet. 
Thiele-type modulus for an infinite cylinder and slab, 
defined by Equations 6 and 7, 
pellet porosity, 
pellet tortuosity = l/e^ , for the random pore model, 
3 
molar density of solid reactant, gmol/cm . 
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INTRODUCTION 
The grain model has been used extensively in recent years to 
describe the behavior of solid-gas reactions. Several authors have 
commented on the convergence problems encountered in solving these 
equations numerically (Ulrichson and Mahoney, 1978, and Yake and Ulrich-
son, 1979). The normal solution procedure is to write the differential 
equations in the steady-state form and then to transform them to dif­
ference equations. We find that considerable improvement in stability 
is obtained by solving the unsteady-state form of the equations. 
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GRAIN MODEL 
The unsteady-state intergrain diffusion equations in spherical 
coordinates can be written in dimensionless form as 
for an equimolar counter diffusion system with an irreversible first-
order reaction. The normal boundary conditions are 
y = 1 at R = 1 
and 
8y/3R = 0 at R = 0. 
The initial condition may be either y = 1 or the steady-state analytical 
solution, y = (1/R) sinh(OpR)/sihh(Op). The gaseous reactant concentra­
tion at the reaction interface can be expressed as 
[1 + OgYd - Y)] * 
The simplest system then requires only one more differential equation 
to determine the rate of travel of the reaction interface within each 
grain. 
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ANALYSIS OF SOLUTION METHOD 
The most obvious procedure for solving the above equations is to 
write the steady-state form of Equation 1 in difference form to obtain 
a tri-diagonal matrix which is easily inverted. However, if the true 
steady-state profile differs very much from the initial estimate, 
negative values of y will be obtained near the center of the sphere 
(small R). This problem is avoided by using Equation 1 as written 
and taking a few time steps to reach steady-state. The results of this 
procedure are shown in Figure 1 for = 6 and AT = 0.02. Seven time 
P 
steps were required to reach the steady-state when the initial condi­
tion was taken as y = 1. The steady-state form will not give a solu­
tion under these conditions unless a convergence routine is employed. 
The unsteady-state solution method is also necessary when the 
steady-state concentration profiles change during the course of reac­
tion, due to increased pore diffusion or product layer diffusion 
resistance. This phenomenon occurs in pore closure systems (Hartman 
and Coughlin, 1976; Ulrichson and Mahoney, 1978; and Yake and Ulrichson, 
1979) and results in increased numerical instability when trying to 
converge on an extremely pore diffusion controlled profile. Numerical 
instability is especially difficult to avoid in the solution of the 
steady-state form of Equation 2 when nonlinearity is introduced by bulk 
flow or Knudsen diffusion terms. 
The convergence properties of the unsteady-state solution method 
were investigated under conditions representative of low (a^  =1.5) and 
moderately high (a = 6) pore diffusion resistance. Figure 2 presents 
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Figure 1. The approach of the intergrain concentration to the steady-
state value via the unsteady-state solution 
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resistance system = 1.5 and a moderately high pore dif­
fusion resistance system a = 6 
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the initial concentration profile for = 1.5 and 6. 
In Table 1, the number of time step iterations, N^ , required to 
converge to the steady-state solution is a function of and AT. 
The results reveal that decreases as both At and a increase. This 
1 P 
trend indicates that the unsteady-state solution method is equally 
stable, even under conditions of high pore diffusion resistance (large 
0^ ). Even though the dimensionless time step required to converge 
to the steady-state solution is less for a = 6 than for a =1.5, 
P P 
the actual dimensional time step is larger. A longer transient time 
before converging for larger values is caused by the greater dis­
placement of the steady-state solution from the initial homogeneous 
concentration estimate. 
Table 1. Number of time steps, Nj, required for steady-state con­
vergence at various time steps AT when = 1.5 and 6 
a = 1.5 a =6 
AT 
I^ 
AT 
I^ 
0.01 37 0.01 20 
0.02 21 0.02 7 
0.03 15 0.03 4 
0.04 12 0.04 10 
It should be pointed out that if the unsteady-state time steps are 
increased further, instability results because the solution method 
increasingly resembles the unsteady-state method (dy/dz 0 as 
AT ->•<*>). The concentration profile in high pore diffusion resistance 
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systems is sufficiently close to zero; therefore, a slight under­
estimate caused by too large a time step produces the instability, 
especially when negative concentration values are obtained. For 
example, when = 6 and Ax = 0.04 (see Table 1), the number of time 
steps required for convergence is greater than the number required in 
the Ax = 0.03 case. Any further increase in Ax will generate in­
stability. 
The preceding numerical analysis was performed with a grid size 
of 20 points. Under conditions investigated here, changing the grid 
size from 10 to 30 points did not seem to affect the stability. How­
ever, in severe diffusion controlled systems, 10 grid points is cer­
tainly an insufficient approximation to Equation 1 and consequently 
overestimates the steady-state concentration profile, i.e., does not 
converge to the actual solution. Furthermore, since pellet conversion 
is calculated by numerical integration, grid size is an important 
consideration. In Table 2, using a trapezoidal integration for con­
version for Op = 6, the error in the calculated conversion relative 
to 30 grid points at 1 min and 10 min of reaction time is presented. 
As expected, the error increases as grid size decreases and conversion 
rises. 
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Table 2. Error in calculating pellet conversion for grid sizes of 10, 
20 and 30 with moderately high pore diffusion resistance 
Op = 6 and product layer diffusion resistance = 10 
Number of Conversion Error Conversion Error 
grid spacings (1 min) (%) (10 min) (%) 
10 0.1106 3.85 0.7351 4.39 
20 0.1072 0.66 0.7053 0-156 
30 0.1065 0.0 0.7042 0-0 
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SUMMARY AND CONCLUSION 
An unsteady-state solution method of the grain model has been 
analyzed under conditions representative of a low and moderately high 
pore resistance system. Good convergence is achieved as long as the 
unsteady-state time step is small enough to avoid approaching the 
steady-state solution method where 3y/9T = 0. The number of time 
steps required to converge to the steady-state solution increases 
with decreasing time increments. Ax, and decreasing a^ . 
Finally, the grid size must be small enough to avoid a poor ap­
proximation of the diffusion equation and to provide an adequate number 
of points to numerically integrate for the pellet conversion. Twenty 
grid points is usually adequate. 
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NOTATION 
= Number of time step iterations required to converge to the steady-
state concentration profile, 
R = Dimensionless radial pellet position, 
y = Intergrain mole fraction of gaseous reactant, 
y^  = Reaction interface mole fraction of gaseous reactant, 
Y = Dimensionless reaction front position, 
T = Dimensionless unsteady—state time, 
= Thiele-type modulus that relates the degree of pore diffusion 
resistance to chemical reaction resistance, 
a = Inverse of the Biot number; reflects the relative importance of 
g 
product layer diffusion resistance to chemical reaction resistance. 
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ABSTRACT 
The chlorination of cylindrical lime pellets was studied using 
thermogravimetric analysis by varying the chlorine concentration, 
pellet size, and temperature. It was determined that the reaction 
is first-order with respect to Clg. The intrinsic activation energy, 
Ej, is estimated to be 8.09 kcal/gmol in the temperature range of 
3330c to 4720C. 
A two-dimensional expanding grain model that accounts for bulk 
flow was developed and successfully applied to the lime chlorination 
system. The effect of varying the chlorine concentration, pellet 
size, and temperature can be explained in terms of the model. In 
addition, the modeling results seem to imply that even for a system 
with solid product expansion, the surface porosity remains finite 
after total conversion. 
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INTRODUCTION 
In recent years extensive work has been focused on the charac­
terization of solid-gas reactions using the grain model. For example, 
Hartman and Coughlin (1976), Georgakis, et al. (1979), and Ramachan-
drain and Smith (1977) have used the expanding grain model to describe 
the reduction in pore volume caused by the expansion of the product 
layer surrounding the grains into the pellet void regions. Their 
results have emphasized the significance of accounting for solid-
structural changes in solid-gas reaction modeling. 
The chlorination of lime 
CaO(s) + ClgCg) CaClgCs) + j O^Cg) (1) 
is an example of a class of irreversible solid-gas reaction systems 
that exhibits dramatic structural changes with reaction due to an 
expanding product layer and that is characterized by a net consumption 
of gas. Consequently, an expanding grain model that allows for bulk 
flow transport could be used as a basis for analyzing the system. 
This paper presents an analysis of the chlorination of finite 
cylindrical lime pellets using a two-dimensional expanding grain model 
(axial and radial diffusion). The effects of temperature, chlorine 
concentration, cylindrical pellet size, and solid structural changes 
are determined. Kinetic data were obtained using a thermogravimetric 
analysis technique and an analytical characterization of the solid 
reactant and product was performed using BET, S EM (scanning electron 
microscopy), electron microprobe, and X-ray powder diffraction analyses. 
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TWO-DIMENSIONAL EXPANDING GRAIN MODEL 
Previous work of the authors dealt with the development and 
analysis of a generalized grain model (Yake and Ulrichson, 1979) and 
a two-dimensional grain model (Ulrichson and Yake, 1979). The 
generalized grain model accounted for bulk flow in systems charac­
terized by a net consumption or production of gas, as is the case with 
the chlorination of lime. Consequently, the two-dimensional aspects 
and the description of bulk flow and solid structural changes caused 
by expanding grains have been integrated to yield a model applicable 
to the reaction between CaO and Cl^ in Equation 1. 
The chlorination of CaO is of the form 
where A = CI2, B = CaO, C = 0^, D = CaClg, b = 1, c = 0.5, and d = 1.0. 
If the pellet is isothermal and mass transfer resistance in the gas 
phase is negligible, then the two-dimensional diffusion equations 
for an irreversible reaction are given as follows in unsteady-state 
dimensionless form: 
A(g) + bB(s) cC(g) + dD(s) (2)  
Pellet: 
(3) 
Grain: 
(4) 
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where 
Yc = ^ C5) 
1 + Ogg^Cl - §1/82) 
and 
3 1/3 
02 = [1 + (Z - 1)(1 - gp] (6) 
e(R, Z, t) = - (1 - E^)(Z - 1)(1 - gj) (7) 
with initial and boundary conditions 
g^(R, Z, 0) = ggCR, Z, 0) = 1.0 and Y(R, Z, 0) = 1.0 (8) 
Y(l, Z, t) = Y(R, 1, t) = 1 and (0, z, t) = ^  (R, 0, t) = 0. 
(9) 
All symbols are defined in the notation. However, it is worth men­
tioning that R and Z are the dimensionless radial and axial distances, 
respectively, and g^ and g^ are the dimensionless radius of a grain and 
2 its unreacted core, respectively. The a parameter plays the role of 
o 
a Thiele-type modulus and reflects the relative importance of dif-
2 fusional to chemical reaction resistances. The parameter expresses 
the ratio of product layer diffusion resistance to chemical reaction 
resistance in the grain. A measure of the degree of grain expansion 
caused by an expanding product layer around the grain is the expansion 
coefficient, Z. The degree of bulk flow contribution to overall trans­
port of the reactant gas in and the product gas out of the pellet is 
given by the parameter B^. It is a function of the stoichiometry, the 
relative importance of Knudsen to molecular diffusion (Yake and 
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Ulrichson, 1979), and the bulk concentration of reactant gas. When 
approaches zero as the bulk concentration of reactant drops and/or the 
Knudsen diffusion resistance increases. 
The local conversion at time t and position R, Z is given by 
from which the overall pellet conversion, X^(t), may be calculated 
numerically by integrating X(R, Z, t) over the pellet volume: 
Equations 3 to 8 may be solved numerically using a modified Implicit 
Alternating-Direction technique (Camahan, et al., 1969; Ulrichson 
and Yake, 1979). The steady-state concentration profile throughout 
the pellet is approached by integrating over time until the profiles 
no longer change. 
Bp > 0, the reaction system experiences a net consumption of gas. 
X(R, Z, t) = 1 - g3 (10) 
R X(R, 2, t)dZdR (11) 
120 
EXPERIMENTAL 
The solid-gas reaction between CaO and Cl^ has been studied in a 
series of experiments employing thermogravimetric analysis. The effect 
of varying the temperature, pellet size and chlorine concentration is 
discussed and related to the two-dimensional expanding grain model. 
Thermogravimetric Equipment 
The thermogravimetric equipment used in this study is shown in 
Figure 1. It consists of a Cahn RG electrobalance and a Lindberg 
model 54341 tube furnace with a Lindberg Type 2200 solid-state 
controller capable of controlling the temperature to within + 0.5OC. 
The balance was connected to an 18 mm I.D. quartz furnace tube by a 
6 mm I.D. Pyrex tube. Nitrogen gas purged the balance continuously 
and provided sufficient bulk flow in the Pyrex tube to prevent 
chlorine diffusion into the balance chamber and subsequent contamina­
tion of the balance. Generally, 50 to 100 cc/min of was sufficient. 
The reaction was studied by suspending a cylindrical pellet of CaO 
in the gas stream at the midpoint of a zone of constant temperature 
(5 cm long for a + l^C variation) located approximately 8" from the 
top of a 24" furnace. The pellet was supported in a quartz basket 
which in turn was suspended from the balance by a 1 mm O.D. quartz 
rod. 
Research grade helium, nitrogen, and chlorine gases were dried 
and metered. The helium and chlorine gases were then mixed and fed 
into the bottom of the furnace. The helium-chlorine-oxygen mixture 
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exited with the nitrogen purge stream as shown in Figure 1 and was 
chlorine stripped in a packed bed by a ION NaOH solution. 
Materials and Materials Preparation 
The CaO powder used in this study was produced by calcining 
reagent grade 99.5% pure CaCOE)^ in air at 600°C for 7 hours. As a 
result of the reactivity of lime with vapor at room temperature, all 
powder was kept in an evacuated desiccator. 
Cylindrical pellets 6.55 mm in diameter and 1.05, 2.10 and 4.20 
mm in length were pressed in a cylindrical die at 20,000 psig and 
stored in a desiccator prior to use. Before each experiment the pellet 
was heated in a furnace for 30 min at 6000C to drive off all adsorbed 
water. Generally, a 5 to 8% weight loss was recorded, depending on 
the pellet's air exposure time. 
The specific surface area of the CaO powder was determined using 
2 
a BET method and found to be 7.25 + 0.053 m /g. The equivalent 
spherical radius based on this surface area is 0.124 ym. Scanning 
electron microscope pictures of sectioned pellets indicated that the 
grains tended to cluster with the average cluster radius being closer 
to 3 ym. 
The theoretical pellet porosity of 59%, as calculated from the 
densities cf the pellet and pure CaO, compares very well with the 
59.7% calculated from the 0.4269 cc of pore volume/g of CaO obtained 
by mercury penetration porosimetry. In addition, the specific area 
2 
obtained by porosimetry was 6.92 m /g, in good agreement with the BET. 
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The pellet porosity (or penetration volume) is plotted in Figure 2 
as a function of pore diameter and applied pressure. A pore size 
distribution ranging from 0.8 ym to 0.06 ym is observed. 
Reacted pellets that were crushed and analyzed by X-ray diffraction 
indicated the presence of CaCl^ and CaO; however, the hygroscopic nature 
of CaCl^ in the presence of CaO creates experimental difficulties. 
In addition, a SEM investigation suggested that the surface porosity 
may not go to zero as predicted by a pore closure model. The molar 
3 3 
volumes of CaO and CaCl2 are 16-92 cm /gmol and 51.62 cm /gmol, 
respectively, yielding an expansion coefficient, Z, of 3.05. 
124 
PORE DIAMETER {fim) FOR 130° CONTACT ANGLE 
I I I I I I I 
Figure 2. 
ABSOLUTE PRESS (PSIA) 
Porosity and pore diameter distribution of CaO pellets from 
mercury penetration porosimetry 
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EXPERIMENTAL RESULTS 
The two-dimensional expanding grain model will be the basis 
for discussing the effects of chlorine concentration, pellet size, 
and temperature. 
As previously mentioned, a SEM examination of partially reacted 
pellets revealed that the surface porosity, and hence the pellet 
porosity, probably did not go to zero (pore closure). Consequently, 
the assumption of a linear variation in local porosity with conversion 
seems inappropriate since that model predicts pore closure. Without 
data relating pellet porosity to conversion, the model was adjusted 
to compensate for this behavior by restricting the porosity loss to 
some minimum value, e . Therefore, the local porosity was permitted 
to vary linearly with conversion until the minimum value was reached. 
The utilization of the 2-D grain model to analyze experimental 
conversion versus time data from solid-gas reactions is based on three 
important dimensionless parameters (Yake and Ulrichson, 1979): 
Application of the Model 
m 
(12) 
3(1 - e )k\l/2 
(13) 
and 
(14) 
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Here, a and a are the Thiele-type moduli that arise in the limiting 
o p 
cases of an infinite slab and cylinder, respectively, from Equation 3. 
The initial effective diffusivity, D^, can be estimated using 
the following equation (Ramachandran and Smith, 1977): 
C = 1 ' , 1 • (15) 
^AC^o/^o °KA 
where l/T^ will be taken equal to in accord with the random pore 
model and the initial pellet porosity has been determined experi­
mentally. Consequently, only three parameters must be determined from 
2 
curve fitting the data; k, a and e . The rate constant is obtained 
g m 
2 from the initial rate data, whereas a and e can be adjusted to 
g m 
provide the best overall representation of the conversion versus 
time data. 
Effect of Mass Transfer 
The chlorination of finite cylindrical CaO pellets was studied 
in the temperature range of 3330C to 472°C. Linear gas velocities 
around the pellet were varied from 2 to 7 cm/s and it was demonstrated 
that mass transfer limitations were not significant for the smaller 
pellets. However, with these flow rates, the effect of pellet size 
on the mass transfer coefficient is not negligible. For the medium 
size pellet, L = 2.1 mm and D = 6.55 mm, the mass transfer coefficient 
was conservatively estimated to be around 4.0 cm/s. The grain model 
predicted no significant mass transfer effect. Using the larger 
pellet, L = 4.20 mm, probably gave some mass transfer effect but 
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should cause less than a 10% effect on the initial rate data. Major 
conclusions are drawn from the smaller pellets. 
Effect of Chlorine Partial Pressure 
The concentration of chlorine was varied from Y = 0.15 to 
2 
Y = 0.60 at 333°C with the initial reaction rates obtained from 
2 
the conversion versus time curves of the medium size pellets, D = 
6.55 mm and L = 2.10 mm. In general, for an nth-order irreversible 
reaction, the reaction rate is proportional to Y^ or 
LX2 
Relative Reaction Rate <= Y^^ 
L X i  
Consequently, a plot of log (Relative Reaction Rate) vs log (Y^, ) 
should yield a straight line with slope n. The results provided in 
Figure 3 demonstrate the reaction is indeed first-order with respect 
to chlorine. The slope is 0.991 + 0.027 with a correlation coefficient 
of 0.998. 
The effect of chlorine concentration on the conversion versus time 
data is illustrated in Figure 4 for Y„^ equal to 0.15, 0.20, 0.30 
2 
and 0.60. The values of various model parameters that best fit 
the Y = 0.20 data are provided in Table 1. The agreement between 
2 
the data and the model results is excellent. A minimum local porosity 
2 
of 9.5% yielded the best results with k/r =50 and a =7.5. In order 
go g 
to model the curvature properly, an initial effective porosity, 
= e^, equal to 39% was used. This suggests that there may be some 
regions more accessible to diffusive transport of chlorine than others. 
128 
100 
LiJ 
5.0 
H 40 
W 
3.0 
UJ 
I 20 
_j 
LU 
cr 
1 1—I i I I I 
j(RELATIVE REACTION RATE) 
"^ 4 
(n=.99|t.027) _ 
_L_L 
.6 .8 10 
U. 
Figure 3. Variation in initial reaction rate with Cl^ concentration. 
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Figure 4. Effect of C1.2 concentration on the chlorination of medium size CaO pellets (L = 2.10 mm) 
at 3330c 
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Table 1. Experimental data and model parameters for curves in Figure 4 
Experimental data: 
= 2.10 X 10 ^ gmol/cm^ 
r = 3 X 10 ^  cm 
go 
Molar Volume of CaCl. Solid Product 
51.62 cm^/gmol 
Molar Volume of CaO Solid Reactant 
16.9 cm^/gmol 
R =0.655 cm 
P 
L = 2L = 2.10 mm 
o 
Model parameters: 
k = 0.015 cm/s 
E = 0,39 
e 
2 
a = 7.5 
g 
£ = 0.095 
m 
Y = 0.15, 0.20, 0.30 
2 and 0.60 
Z = 3.05 
e =0.597 
o 
»Cl2,He = 1-715 =* /s 
^KCl ~ 5.62 cm^/s 
Dg = 1.329 cm^/s 
B = 0.0581, 0.0775, 0.1162 and 
0.2325 
particularly those reachable via the larger macropores. Consequently, 
a majority of the transport is provided through these larger pores 
such that the micropore contribution to diffusion is considerably 
less than it is to the overall porosity, 59.7% in this case. Ac­
cording to Figure 2, a pore diameter of around 0.2 um corresponds to 
the 39% porosity level. 
As mentioned above, the model is able to e?cplain the trends in 
the data over a majority of the conversion versus time curve. However, 
in those regions where the reaction rate drops off significantly, 
probably a result of diffusion transport limitations, the model over­
estimates conversion. Very likely, this behavior suggests that the 
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assumption of a minimum porosity, and corresponding over simplification 
of the porosity versus conversion relationship, is responsible. The 
results, however, do illustrate that a significant drop in reaction 
rate is caused by the increased diffusion resistance resulting from 
product layer expansion into the void regions. Overall, the predicted 
model results for Y = 0.15, 0.30 and 0.60 were equally as impressive 
2 
as the =0.2 curve fit, thereby lending some confidence in the 
2 2 
model with respect to the values of k/r , a , e and e obtained. go g e m 
Effect of Pellet Size 
The effect of varying the cylindrical pellet length from 1.05 mm 
to 4.2 mm on the reaction rate is illustrated in Figures 5 and 6 by 
data taken at 3330C and 472°C with a chlorine concentration equal to 
20%. As the pellet length is decreased, a considerably higher reaction 
is observed. This trend suggests that pore diffusion resistance 
significantly limits the progress of the reaction. According to 
Equation 12 
/3(1 - £ )k\l/2 
lower 0^ values resulting from smaller pellets lessens the relative 
o 
importance of pore diffusion resistance compared with chemical reaction 
resistance. 
In Figure 5 the model curve was generated by changing only the 
pellet length while for Figure 6 the medium size pellet, L = 2.10 mm, 
2 
was curve fitted by adjusting k/rgQ to 175 and Og to 31 leaving Eg = 
333 "C; YCI2= .20 
50 m g PELLET (L=l05mm) 
100 mg PELLET ( L=210 mm) 
200mg PELLET (L =4.20 mm) 
MODEL CURVES 
e^=095 
k = 015 cm/s 
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w to 
40 50 
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Figure 5. Effect of pellet size on the chlorination of CaO pellets at 333°C 
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0.39 and = 0.095 as reported in the previous section. Therefore, 
the L = 1.05 and 4.20 mm curves are predicted results which, in both 
figures, were obtained by simply adjusting the pellet length. Ex­
cellent agreement between the model and experimental data is ob­
served. A summary of the parameter values used in the model is pro­
vided in Table 2. 
The modeling of the L = 4.20 mm pellet data indicated that an 
initial porosity of 39% was too large, as is evident from the over­
estimated conversion versus time curves at 333°C and 472°C. In each 
case a value of equal to 0.345 provided a very good representation 
of the data. Possibly, the pellet internal structure that primarily 
contributes to diffusion of reactant into the pellet is altered 
from that of a small pellet identically prepared. 
The axial concentration profile (R = 0) for each pellet size in 
Figures 5 and 6 as calculated from the model is plotted in Figure 7. 
Notice that the Thiele-type modulus varies from around 1 to over 
o 
7, thus illustrating the effect of an increased reaction rate (a 
result of a temperature increase) and varied pellet size on the rela­
tive pore diffusion resistance. Since the pellet diameter to length 
ratio varies from roughly 1.5 to 6.0, the radial pore diffusion 
resistance is considerably more than the axial resistance. 
For the medium size pellet data, L = 2.10, the variation of the 
volume average gaseous reactant concentration in the pellet and the 
porosity (see Figures 8 and 9) with conversion illustrate the behavior 
of the 2-D expanding grain model. In Figure 8 an initial increase 
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Table 2. Experimental data and model parameter for the results 
presented in Figures 5 and 6 
Experimental data: 
Rp = 0.655 cm = 2.10 x 10 ^ gmol/cm^ at 333°C 
r^^ = 3 x 1 0 c m  =  1 . 7 0 8  x  1 0  ^  g m o l / c m ^  a t  4 7 2 0 C  
Z = 3.05 
e = 0.597 
o 
L = 1.05, 2.10, or 4.20 mm 
Model parameters: 
3330c 4720C 
k = 0,015 cm/s 0.0525 cm/s 
e = 0.39 
e 
0.39 
0^ = 7.5 
S 0.31 
E = 0.095 
m 
0.095 
Y_t = 0.20 
2 
0.20 
Bp = 0.0775 0.0731 
2.408 cm^/s 
2 
= 5.62 cm /s 6.249 cm^/s 
^ 2 D = 1.329 cm /s 
CJ 
1.76 cm^/s 
in Y is caused by the relatively high product layer diffusion resistance 
2 
compared with the chemical reaction resistance, = 31. That is, 
the effective rate drops while the transport remains roughly unchanged. 
As a result of a relatively large expansion coefficient, Z = 3.05, 
continued reaction causes a significant drop in porosity that eventually 
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restricts diffusion and results in a decrease of reactant concentra­
tion within the pellet. It should be pointed out that the minimum 
porosity, = 0.095, is reached at the pellet surface in 34.65 s 
when the pellet conversion is equal to 12.4% and the local conversion 
at the surface is 23.6%. 
The variation in pellet porosity with conversion computed by the 
model is depicted in Figure 9. A linear portion is observed prior to 
the 12.4% conversion mentioned above, then a definite leveling off 
is seen. This is caused by limiting the porosity to = 0.095. The 
same trend can be observed in the data of Hartman and Coughlin (1974) 
and Borgwardt and Harvey (1970) presented by Georgakis, et al. (1979) 
for the porosity variation with conversion of partially sulfated lime 
pellets. 
An electron microprobe of a sectioned pellet (L = 2.10 mm) 
revealed that the "qualitative" ratio of chlorine to calcium at the 
center and surface of the pellet was such that around a 20% and 70% 
conversion level existed. This is in reasonable agreement with the 
model as indicated in Figure 10. 
Effect of Temperature 
The observed relative reaction rate versus temperature for various 
pellet sizes is shown in Figure 11. The intrinsic activation energy 
of the reaction, E^, based on the k/r^^ model values of 50 and 175 s"^ 
is calculated to be 8.09 kcal/gmol. On the other hand, if the ap­
parent activation energy, E^, is calculated from the observed initial 
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rates for various pellets that are pore diffusion influenced, then a 
considerably smaller value is obtained. For example, is 1.63, 
2.44 and 6.01 kcal/gmol for pellet sizes of L = 4.2 mm, 2.10 mm and 
1.05 mm, respectively. Since larger pellets are more pore diffusion 
influenced, a much smaller is observed and the trend above is, 
therefore, considered consistent. 
The results from the modeling suggest that the ratio of product 
layer diffusion to chemical reaction resistances is significantly 
2 2 higher at elevated temperatures with = 7.5 at 333°C and = 31 at 
2 4720C. Since a = kr /D , a major part of the increase is due to 
g go s' 
the rate constant, k, increasing from 0.015 cm/s at 333^0 to 0.0525 
cm/s at 472°C- This corresponds to a decrease in the product layer 
diffusion coefficient from 6.00 x 10 ^ cm^/s to 5.08 x 10 ^  cm^/s. 
Normally, an increase with temperature is expected (Gibson, 1979), 
however, sintering of the product layer could be a factor. The heat 
of reaction is around 40 kcal/gmol, and high reaction rates at elevated 
temperatures could cause substantial local temperatures increases in 
the grains, particularly near the reaction interface. Consequently, 
with a CaClg melting point of 772°C and a reactor temperature equal to 
4720C, any local temperature rise could cause sintering since the 
system is reacting above the region of the solid's Tammann temperature 
of around 250°C. 
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Variation of Model Parameters 
As previously discussed, the rate constant can be obtained by 
applying the 2-D expanding grain model to the initial rate data. In 
2 
this region the influence of product layer diffusion resistance, 
and initial effective porosity, e , is negligible. Consequently, 
2 
only three parameters (e^, o^) must be adjusted to model the 
data. Figures 12, 13, and 14 illustrate the effect on conversion of 
varying each of the parameters for the medium size pellet, L = 2.10 
mm, at 333°C with Y = 0.15 to demonstrate the variability in the 
2 
model. 
Figure 12 shows the effect on the conversion versus time curves 
2 
of changing from 2.5 to 12.3. As expected, an increasing product 
2 layer diffusion resistance (larger a^) lowers the pellet conversion at 
2 
a given time. The inverse is true when is lowered. 
Since the initial porosity is important in calculating the ef­
fective diffusivity, and this also changes o^ , varying 
o 
significantly alters the conversion versus time curve. This 
trend can be observed in Figure 13 as is varied from 0.35 to 0.43. 
The net effect of either increasing or decreasing is to translate 
the curve up or down, respectively. Consequently, changes in the pore 
diffusion resistance account for the behavior. 
The minimum obtainable porosity, e^, is perhaps the most important 
parameter in terms of modeling the experimental data presented here­
in Figure 14 e is varied from 0 to 0.145. Smaller e values result 
m m 
in dramatic reductions in the rate due to the increased pore diffusion 
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resistance. Conversely, larger porosity limits minimize the increased 
pore diffusion resistance caused by the expanding grains. 
The authors would like to stress two very important points re­
garding the modeling of this data. First: The values of parameters 
used to model any particular part of the data are by no means a mutually 
exclusive set. However, no other combination of parameter values could 
be found to explain all the effects of temperature, pellet size, and 
chlorine concentration. Therefore, the authors feel that the results 
presented here are in a sense unique. Second: A pore closure model 
which permits the porosity to approach zero cannot explain the 
trends in the data while a minimum porosity level can and the concept 
seems physically reasonable. 
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CONCLUSIONS 
The chlorination of cylindrical lime pellets was studied using 
thermogravimetric analysis by varying the chlorine concentration 
from 15% to 60%, the pellet size from L = 1.05 mm to 4.20 mm and 
the temperature from 333°C to 472°C. It was determined that the 
reaction is first-order with respect to Clg,» The intrinsic activa­
tion energy, E^ , is estimated to be 8.09 kcal/gmol. 
A two-dimensional expanding grain model that accounts for bulk 
flow was developed and successfully applied to the lime chlorination 
system. The effect of varying the chlorine concentration, pellet size, 
and temperature can be explained in terms of the model. Furthermore, 
no combination of parameter values other than those presented could 
explain all the trends in the data. 
Examination of partially reacted pellets indicated that the 
porosity near the surface did not go to zero as predicted by a pore 
closure model. The concept of a minimum obtainable porosity (e^ ), 
however, incorporated into the model provided an approximate method 
to account for this behavior. A value equal to 0.095 yielded 
excellent results for the entire data. 
The pellet porosity was determined experimentally to be 59.7%, 
however, an effective initial porosity, e^ , equal to 39% was required 
to model the data properly. This suggests that there may be regions 
more accessible to Cl^  diffusive transport than others, particularly 
those reachable via the larger macropores. 
The relative influence of chemical reaction resistance to product 
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2 layer diffusion resistance, given by increased as the temperature 
2 
was raised from 3330C to 472°C. a increased from 7.5 to 31 for 
S 
a rate constant, k, of 0.015 cm/s and 0.0525 cm/s, respectively. 
This implies that the product layer diffusion coefficient, D^ , de­
creased slightly. Increased product layer diffusion resistance re­
sulting from local grain sintering is suspected. 
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NOTATIONS 
A(g) Symbol for gaseous reactant. 
b = Solid reactant stoichiometric coefficient. 
B(s) = Symbol for solid reactant. 
= Bulk flow parameter = (1 - c)ô^ Y^ , 
c 
= Gaseous product stoichiometric coefficient. 
C(g) = Symbol for gaseous product. 
S 
= 3 Total gas concentration, gmol/cm , 
d = Solid product stoichiometric coefficient. 
D(s) = Symbol for solid product. 
"AC 
= 2 Binary molecular diffusivity of gases A and C, cm /s. 
= 
Initial effective intergrain diffusivity; defined by 
Equation 15, 
E^A 
= Z, t)/e^ )^ , cm^ /s. 
°KA 
= Knudsen diffusion coefficient for gaseous species A, cm^ /s 
= 2 Product layer diffusion coefficient, cm /s. 
= Intrinsic activation energy. 
= Apparent activation energy. 
®1 
= 
S2 
= 
V V '  
k = Reaction rate constant. 
L 
o 
= Half length of the finite cylindrical pellet. 
L = Length of the finite cylindrical pellet. 
n 
= Reaction order with respect to Clg, 
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+ (Z - 1)(1 - cm. 
Initial grain radius, cm, 
Dimensionless radial pellet position. 
Cylindrical pellet radius, 
time (sec). 
Reaction temperature, °K, 
Local pellet conversion (a function of R, Z and t), 
Pellet conversion, 
' ^o^ ^^ lized gaseous reactant concentration. 
Gaseous reactant concentration. 
Bulk gaseous reactant concentration = , 
2 
Normalized reaction interface concentration. 
Expansion coefficient = p^ d/p^ b 
Local pellet porosity as defined by Equation 7, 
Initial pellet porosity. 
Effective initial pellet porosity. 
Minimum obtainable local porosity, 
°E/°AC' 
Thiele-type parameter for the grain, 
Thiele-type parameter for the pellet based on the infinite 
slab and infinite cylinder. 
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CONCLUSIONS 
The results of this research effort have been presented in 
a series of four papers. Consequently, the conclusions drawn from 
the entire work are easily discussed by summarizing those from each 
paper. 
The generalized grain model has been developed and analyzed under 
conditions representative of a system with low intergrain pore dif­
fusion resistant (a = 2.19) and moderately high intragrain product 
layer diffusion resistance (Bi = 1.0). The bulk flow contribution 
through the solid product layer is shown to have more effect on rate 
of conversion than bulk flow between grains for these particular 
parameter values. For higher values of a the converse will be true. 
The bulk flow parameter and and the equilibrium concentra­
tion for reversible reactions can be used to form a modified Thiele-
type modulus 
Modeling of Bulk Flow, Reversibility and Pore Closure 
with a Grain Model for Gas-Solid Reactions 
and a modified Biot number 
Bi 
m 
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_P 
By calculating a, reading from Figure 7, estimating 6^ , determining 
and using o^  to replace a in an equimolar counter diffusion model, 
the effect of bulk flow and reversibility can be quickly determined. 
Excellent agreement is obtained in the conversion vs time curves 
between the generalized grain model solution with bulk flow included" 
and the equimolar counter diffusion grain model with the effective dif­
fus ivity adjusted. A similar comparison of Bi and Bi^  will indicate 
the importance of reversibility and bulk flow on the product layer 
diffusion resistance. 
The effect of bulk flow reversibility and pore closure on the 
reaction rate is now more easily quantified. 
Numerical Analysis of a Finite Cylindrical Pellet 
Model in Solid-Gas Reactions 
The required length of a cylinder that is to be modeled as an 
infinite cylinder is a complex function of the ratio of diffusion 
resistance to reaction resistance. For a value of a near 2.2 a 
half-length greater than 4 times the radius should be used while for 
a less than 0.9 a half-length of 2 or 3 times the radius is certainly 
adequate. For values of a larger than 2.2 preparation of an experi­
mental cylinder that can be approximated by an infinite cylinder 
model may not be practical. 
The approximate model proposed by Szekely, et al. (23) for pre­
dicting the time to achieve a given conversion is useful at very high 
conversions, but it should not be used to analyze experimental data 
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at low conversions when pore diffusion resistance is significant. 
A cylinder with a half-length of 1/4 the radius or less can 
be modeled as a homogeneously reacting system for values of  ^2.2. 
P 
There is no aspect ratio (R^ /L) for which experimental data from 
a cylindrical pellet can be reliably analyzed using a spherical model 
with an equivalent radius unless the system is reacting essentially 
homogeneously, a = a < 0.894. 
K L p 
A More Stable Numerical Solution Technique 
for the Grain Model in Solid-Gas Reaction 
An unsteady-state solution method of the grain model has been 
analyzed under conditions representative of a low and moderately high 
pore resistance system. Good convergence is achieved as long as the 
unsteady-state time step is small enough to avoid approaching the 
steady-state solution method where 3y/3T = 0. The number of time steps 
required to converge to the steady-state solution increases with 
decreasing time increments Ax and decreasing o^ . 
Finally, the grid size must be small enough to avoid a poor 
approximation of the diffusion equation and to provide an adequate 
number of points to numerically integrate for the pellet conversion. 
Twenty grid points is usually adequate. 
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Solid-Gas Reaction Kinetics: Analysis of 
Lime Chlorination Using the Two-Dimensional 
Expanding Grain Model 
The chlorination of cylindrical lime pellets was studied using 
thermogravimetric analysis by varying the chlorine concentration from 
15% to 60%, the pellet size from L = 1.05 mm to 4.20 mm and the 
temperature from 333 to 472^ 0. It was determined that the reaction 
is first-order with respect to ^ 2^' intrinsic activation energy, 
E^ , is estimated to be 8.09 kcal/gmol. 
A two-dimensional expanding grain model that accounts for bulk 
flow was developed and successfully applied to the lime chlorination 
system. The effect of varying the chlorine concentration, pellet 
size, and temperature can be explained in terms of the model. Further­
more, no combination of parameter values other than those presented 
could explain all the trends in the data. 
Examination of partially reacted pellets indicated that the porosity 
near the surface did not go to zero as predicted by a pore closure 
model. The concept of a minimum obtainable porosity (e^ ), however, 
incorporated into the model provided an approximate method to account 
for this behavior. A value equal to 0.095 yielded excellent results 
for the entire data. 
The pellet porosity was determined experimentally to be 59.7%, 
however, an effective initial porosity, e^ , equal to 39% was required 
to model the data properly. This suggests that there may be regions 
more accessible to Cl^  diffusive transport than others, particularly 
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those reachable via the larger macropores. 
The relative influence of chemical reaction resistance to 
2 product layer diffusion resistance, given by o , increased as the 
2 temperature was raised from 333 to 472°C. increased from 7.5 to 
31 for a rate constant, k, of 0.015 cm/s and 0.0525 cm/s, respectively. 
This implies that the product layer diffusion coefficient, D^ , 
decreased slightly. Increased product layer diffusion resistance 
resulting from local grain sintering is suspected. 
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RECOMMENDATIONS 
From the results of this study, the following recommendations are 
offered for future research. 
1- Characterize the variation in pellet porosity and pore size 
distribution with conversion using mercury penetration porosimetry. 
This will provide needed information on the expansion of the product 
layer and the effect of sintering on the pore size distribution. 
2. Extensive use of SEM, BET, and electron microprobe analyses 
should be emphasized on the partially reacted pellets. Local conversion 
profiles within a pellet obtained from the electron microprobe provide 
excellent information needed in the modeling of solid-gas reaction 
systems. 
3. Finite cylindrical pellets are easier to make than spherical 
pellets and just as easy to use in a TGA apparatus. However, the computa­
tional expense is prohibitive when solving the 2-D expanding grain model. 
An isostatic die could be used to press approximately spherical pellets. 
4. Using a 1 mm O.D. quartz hang down rod and a quartz basket in 
the TGA equipment, pellets smaller than 20 mg did not provide sufficient 
weight change upon chlorination to obtain accurate conversion versus time 
data. Consequently, a 30 gage platinum wire and basket arrangement 
should be used in order to give adequate balance sensitivity (ranges 
less than 20 mg full scale deflection on the recorder). 
5. Extreme care must be taken to avoid extended exposure of CaO 
to moisture. Otherwise, the chlorination data are considerably more 
159 
difficult to interpret. Consequently, the pellet preheat step is es­
sential . 
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APPENDIX 1. EVALUATION OF THE ISOTHERMAL PELLET ASSUMPTION 
A major assumption applied in the analysis of the lime chlorina-
tion data using the two-dimensional expanding grain model is that the 
system reacts essentially isothermally. However, since the heat of 
reaction is around 40 kcal/gmol, a relatively high reaction rate 
may generate a substantial temperature gradient with the pellet. 
Calvelo and Smith (3), as previously reported, incorporated a thermal 
balance with the grain model. They were able to estimate the relative 
importance of nonisothermal effects within the pellet on the conversion 
versus time curves using two dimensionless parameters, and A^ : 
• 11 - k 
D ce 
\ = - h'h • \ 
where 
c^g ^ o 
=  k ^ g ( -  E f f e c t i v e  t h e r m a l  c o n d u c t i v i t y ,  
k^  = Solid reactant thermal conductivity, 
k^  ^= Gas phase thermal conductivity. 
The relative influence of nonisothermality on the conversion versus 
time curve can be obtained from Figure 9 once an estimate for is 
calculated. The curves in Figure 9 are based on a Theile-type modulus, 
g, equal to 4.0, a Biot number, Bi, equal to 1.0 and A^  = 20. g is 
2 
equivalent to in the 2-D grain model and Bi = 1/a . Based on 
o  ^
the modeling results previously presented at 472oc, Bi = 0.0323 
and Ag^  = 5.47. A Biot number smaller than 1 indicates that the 
product layer diffusion resistance is more significant than the chemical 
165 
reaction resistance. Consequently, the concentration of reactant at 
the reaction interface is reduced and the corresponding reaction 
rate is less than the Bi = 1.0 system (holding other variables constant). 
The parameter reflects the reaction rate temperature dependency. 
If the reaction activation energy is low (as is the case with the lime 
chlorination system, = 8.09 kcal/gmol), a given rise in local 
pellet temperature does not generate a substantially higher reaction 
rate than the isothermal case. Therefore, the results in Figure 9, 
when applied to the lime chlorination system, should overestimate 
the nonisothermal effects. 
The following values of the variables in are given below. 
= - 39,500 cal/gnjol, 
= 0.2114 cm^ /s 
= 3.262 X 10 ^  gmol/cm^ , 
T^  = 745°K, 
= 0.017 cal/cm-s-°C, 
k = 8.34 X 10 ^  cal/cm's-°C, 
eg 
k = 8.71 X 10 ^  cal/cm*s*°C. 
ce 
Substituting these values into the expression yields a value of 0.054. 
According to Figure 9, the influence of nonisothermal reaction 
behavior is not of paramount importance in regard to the conversion 
versus time data. This does not mean that a substantial temperature 
gradient could not be generated, only that the effect on the conversion 
versus time curves is not significant. 
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APPENDIX 2. EFFECT OF ADSORBED WATER ON LIME CHLORINATION 
As pointed out in Paper IV of this dissertation, the CaO pellets 
were dried at ôOC^ C for at least 30 min prior to each chlorination 
experiment. Generally, a 5 to 8% weight loss was recorded depending 
on the pellet's air exposure time. During the initial stages of 
research, the pellets were chlorinated before drying. Even with 
pure chlorine feed, = 1.0, the reaction was essentially non-
2 
existent below a temperature of 300°C. Apparently, the presence of 
H^ O restricted the lime chlorination reaction by allowing other 
preferred reactions to occur. Consequently, a TGA analysis of this 
type of reaction system is inappropriate and an extensive X-ray 
powder diffraction analysis is needed to verify the formation of 
different compounds. Therefore, the pellet preheat step is essential 
in an investigation of lime chlorination. 
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APPENDIX 3. ADDITIONAL LIME CHLORINATION DATA 
The chlorination of lime pellets was investigated in the temperature 
range of 233 to 4720C using a 20% chlorine reactant gas mixture (He as 
the inert). The effect on reaction rate of varying the temperature 
for 25, 50, and 100 mg pellets is illustrated in Figures 10, 11, and 
12, respectively. In each case, as the temperature increases, a rise 
in reaction rate is observed and the time required for the reaction 
to essentially cease is lengthened. In addition, the ultimate pellet 
conversion increases with increasing temperature and pellet size. 
Continued work is needed to establish a firm explanation for this be­
havior . 
According to Figure 11 (for the 50 mg pellets), a 9°C temperature 
increase from 244 to 253°C resulted in a completely different con­
version versus time curve. In fact, the conversion is substantially 
higher. Apparently, a sudden shift in reactivity, mechanism, or even 
type of reaction is responsible. 
The reproducibility of the TGA results is within 5% when all 
variables (temperature, pellet size, Y , etc.) are held constant. 
2 
However, a change in pellet size substantially alters the rate and 
characteristics of the conversion versus time data. For example, 
increasing the pellet size from 50 to 100 mg resulted in an 
increase in final conversion from 5 to 15% for the chlorination at 
233°C. Apparently, an important variable other than pellet size is 
responsible. Consequently, this also is a reflection of the reproduci­
bility and logical trend of the results. It may be possible that 
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Figure 10- Conversion versus time data for the chlorination of 25 mg 
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Figure 12, Conversion versus time data for the chlorination of 100 mg CaO pellets 
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all the water has not been removed from the 100 mg pellet in the 
drying process. 
